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CHAPTER 1
INTRODUCTION
The fact that men and women differ is a stimulating topic among scientists from
diverse disciplines. Several theories can be applied to explaining how and why the
sexes differ, and most researchers agree that several sources of behavioral variability
contribute to these differences (e.g., evolution, development, genetics, hormones,
experience). This dissertation integrates literature from the behavioral, neuroscience,
and behavioral neuroendocrinology perspectives; and hypothesizes that interactions
between testosterone (T) and an additional measure of androgenicity (androgen
receptor CAG repeat; CAGr) are relevant to the explanation of spatial performance.
The purpose of this dissertation is twofold: (1) review the effects of sex and
androgens on spatial cognition, and (2) investigate the effects of sex, T, and CAGr on
spatial cognition, virtual navigation performance, and navigation-related experience.
The primary focus is on human research; however, studies that used nonhuman
animals such as rodents are also represented. The literature review begins by reviewing
the male advantage in spatial performance, particularly three-dimensional (3D) mental
rotation and navigation, and discusses neuroimaging studies of sex differences in brain
activity while performing these tasks. The final sections of the review discuss prenatal
and adulthood effects of androgens on spatial performance.
1.1 Sex Differences in Performance on Psychometric Measures of Spatial Cognition
Men and women differ negligibly, or not at all, on standardized tests of
intelligence (e.g., Kaufman, 1990; Koscik, O’Leary, Moser, Andreasen, & Nopoulos,
2009; Maccoby & Jacklin, 1974; Matazarro, 1972); however, women often excel on
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language related tasks (for review see Ullman, Miranda, & Travers, 2008) and men
excel on tasks of spatial performance (for reviews and meta-analyses see Coluccia &
Louse, 2004; Hyde, 1981; Linn & Petersen, 1985; Maccoby & Jacklin, 1974; and Voyer,
Voyer, & Bryden, 1995), with the exception of a female advantage in object location
memory (Eals & Silverman,1994; McBurney, Gaulin, Devineni, & Adams, 1997). Several
reviews and meta-analyses describe and quantify the male advantage in visuospatial
performance (Hyde, 1981; Linn & Petersen, 1985; Maccoby & Jacklin, 1974; and Voyer
et al., 1995). Linn and Petersen (1985) reported the effect of sex on three categories of
spatial ability in their meta-analysis. Spatial perception (e.g., Rod and Frame Test) was
defined as the ability to “determine spatial relationships with respect to the orientation of
their own bodies, in spite of distracting information”, and the effect size of the sex
difference was moderate.

The second category, spatial visualization (e.g., Block

Design, Minnesota Paper Form Board, Paper Folding), was defined as the ability to
perform “complicated, multistep manipulations of spatially presented information”, and
the average effect size of the sex difference was small. The third category was mental
rotation (e.g., Cards Rotation Test, Mental Rotations Test) and was defined as the
ability to “rotate a two or three dimensional figure rapidly and accurately”. The effect
size for the sex difference in overall mental rotation ability was 0.73, and 0.94 for the
Vandenberg and Kuse (1978) 3D Mental Rotations Test (MRT). Another meta-analysis
on the topic of sex differences in spatial cognition reported that mental rotation
performance elicited effect sizes favoring males that ranged from one half to one
standard deviation (Voyer et al., 1995).
1.2 Sex Differences in Spatial Navigation
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Spatial navigation, or wayfinding, is another domain of human spatial cognition
where a male advantage has been observed. Navigation and wayfinding, used here
interchangeably, may be defined as knowing where we are in space and navigating to
specific destinations in the environment both mentally and behaviorally (Passini, 1984).
Coluccia and Louse (2004) published a review of sex differences in wayfinding abilities
(e.g., orienteering, route reversal, pointing, distance estimation, landmark recall,
wayfinding based on Euclidean or landmark strategy, computerized maze learning,
route learning based on video recordings) and reported a significant male advantage in
at least 53% of the studies with 12% revealing a female advantage. The findings reveal
an overall male advantage, but suggest this may depend on the navigation task.
While the review by Coluccia and Louse (2004) is descriptive and informative, an
adequate number of studies exist to perform a meta-analysis on the magnitude of the
male advantage in real-world and computerized navigation tasks; however, one has yet
to be published. For example, a moderate effect size (d = .37) was reported for a mapbased route learning task (Galea & Kimura, 1993), while large effect sizes favoring
males were found for an orienteering drill (d = .80) (Malinowski & Gillespie, 2001) and a
computerized maze learning task (d = 1.40 to 1.59) (Moffat, Hampson & Hatzipantelis,
1998).
In the 1990s researchers developed computerized counterparts of traditional
rodent learning and memory tasks such as the Morris water maze (Morris, 1984) and
hallway/corridor mazes for use in human behavioral and neuroimaging research.
Although variety exists in the versions of the vMWT used for testing (e.g., cues available
to locate the hidden platform may differ in type or number), the basic procedure
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parallels that of Morris’s original water maze. Rather than being placed in a real pool of
water, humans view the water maze on a desktop computer screen and locate the
hidden platform by maneuvering through the pool with a joystick. Dependent variables
of the original water maze and the vMWT include: time and distance to locate hidden
platform across learning trials, time and distance spent in the platform quadrant during
the probe trial, platform area crossings during the probe trial, and time and distance
taken to locate a visible platform.
Sex differences in learning and probe trial performance exist in water maze
performance for rodents and humans. The swim/visible platform trial is used as a
visuomotor control in rodents and humans and the lack of sex difference on these trials
is evidence that the male advantage is not due to swimming skill or exploratory behavior
in rodents, or joystick use in humans. A meta-analysis of water maze performance in
rodents revealed a moderate effect size favoring males (Jonasson, 2005). A sex
difference favoring men in vMWT performance has also been reported (Astur, Ortiz, &
Sutherland, 1998; Astur, Tropp, Sava, Constable, & Markus, 2004; Burkitt, Widman,
Saucier, 2007; Driscoll, Hamilton, Yeo, Brooks, & Sutherland, 2005; Mueller, Jackson, &
Skelton, 2008; Nowak & Moffat, 2011; Rahman & Koerting, 2008; Sandstrom, Kaufman,
& Huettel, 1998) with several effect sizes as large or larger than one standard deviation
(e.g., Astur et al., 1998; Mueller et al., 2008; Nowak & Moffat, 2011).
The second traditional rodent task with a virtual counterpart is the
corridor/hallway maze. Similar to maze tasks used to study rodent learning and
memory, these virtual corridor mazes begin with a start location, include interconnecting
corridors with multiple decision points and opportunities for memory errors and
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backtracking, sometimes include landmarks, and are complete when the participant
enters the goal area. The dependent variables, such as number of errors, time taken to
navigate from start to goal, and number of trials to criterion are also consistent between
the rodent and human tasks.
A moderate male advantage exists in maze performance for rodents (e.g., for
meta-analysis and review, see Jonasson, 2005). Effect sizes favoring men in fewer
numbers of maze navigation errors and quicker time to completion are moderate to
large (e.g., Grön, Wunderlich, Spitzer, Tomczak, & Riepe, 2000; Moffat et al., 1998;
Moffat, Zonderman, & Resnick, 2001).
1.3 Sex Differences in Brain Activation While Performing Spatial Tasks
Given the reliable sex difference at the behavioral level of analysis, it is logical to
predict that men and women are recruiting different brain regions to solve 3D mental
rotation and navigation tasks. The data summarized in the next two sections are based
on functional magnetic resonance imaging (fMRI) studies. Functional MRI results are
specifically based on the blood-oxygenation-level-dependent (BOLD) response, which is
assumed to correlate with neuronal activity evoked by cognitive processes (e.g., Kwong
et al., 1992; Ogawa, Lee, Nayak, & Glynn, 1990). The term “brain activity/activation” is
often used interchangeably with “BOLD response” in the cognitive neuroscience
literature, and will be here as well.
1.3.1 Sex Differences in Brain Activation While Performing Mental Rotation Tasks
The data summarized in Table 1 suggest that men and women both rely on
parietal lobe function during mental rotation of 3D objects, but that sex differences also
exist in recruitment of the parietal lobes. Evidence from animal (e.g., Morton & Morris,
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1995), clinical lesion (e.g., Tomasino & Rumiati, 2004), and human studies (e.g., Michel,
Kaufman, & Williamson, 1994) indicates that the parietal lobes are involved in spatial
relations, allocation of visual attention, maintaining multiple spatial representations,
encoding visual stimuli, visual search, and object recognition (e.g., Cohen et al., 1996;
Colby, Duhamel & Goldberg, 1995; Corballis, 1997; Richter et al., 2000; Vingerhoets, de
Lange, Vandemaele, Deblaere, & Achtem, 2002).
Regarding the sex differences in brain activation, there was some consistency
across the five studies (Table 1). The most consistent sex difference found among the
studies that compared brain activation of men and women during mental rotation was
the greater activation of the right inferior frontal gyrus in women. This result has been
commonly interpreted as women relying on a verbal or piecemeal strategy, although
assessment of strategy was not reported in any of these experiments. Despite this gap
between measurement and interpretation, support exists for the role of the right inferior
frontal gyrus in verbal task performance of women (e.g., Jaeger et al., 1998; Kansaku,
Yamaura, & Kitazawa, 2000) as well as visual spatial working memory (Jordan et al.,
2002; Leung, Oh, Ferri, & Yi, 2007; Zago et al., 2008). It is possible, for example, that
while women are performing 3D mental rotation, they are regularly giving themselves
verbal instructions while holding mental images and transformations of these images in
working memory, while men are relying more on the visual and spatial features of the
mental rotation task.
The same degree of consistency does not exist when looking for a pattern of
greater activation in men compared to women. Regions of the parietal lobes were
activated during mental rotation more in men than women in three of the five studies,
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and again this has been interpreted in terms of strategy, namely that men utilize a
gestalt rotation process. Recently, the sex differences in parietal lobe anatomy,
particularly the increased gray matter in women and larger surface area in men, have
been related to MRT performance (Koscik et al., 2009). Within the male sample only,
men with greater parietal lobe surface area had better MRT scores than those with less
surface area. Unique to the female sample, having more parietal gray matter than white
was associated with poorer MRT performance (Koscik et al., 2009). Given the primary
role of the parietal lobes in mental rotation, sex differences in parietal lobe anatomy
(e.g., Koscik et al., 2009; Nopoulos, Flaum, O’Leary, & Andreasen, 2000), and recent
evidence linking this anatomy with MRT performance, it is reasonable to speculate that
parietal lobe structure and function at least partially account for the sex difference in
MRT performance.
1.3.2 Sex Differences in Brain Activation While Performing Navigation Tasks
There is a gap in our knowledge between sex differences at the behavioral level
and those at the functional neuroanatomical level. Conclusions from the behavioral
literature are consistent; there is a moderate to large male advantage on real world and
virtual navigation tasks. The two fMRI studies that compared the BOLD response of
men and women while performing virtual navigation tasks produced somewhat
contradictory results (Grön et al., 2000; Ohnishi, Matsuda, Hirakata, & Ugawa, 2006). If
there is common ground between the studies, it is that the left hippocampus and
parahippocampal gyri are associated with good navigation performance, whereas the
right inferior and superior parietal lobes are associated with relatively poorer
performance. The hippocampus has a well-established role in successful navigation
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across species including food-caching birds (e.g., Petersen & Sherry, 1996; Vaccarino,
Buckenham, & Herz, 1989), homing pigeons (e.g., Bingham, Ioale, Casini, & Bagnoli;
Rehkamper, Haase, & Frahm, 1988), rodents (e.g., D’Hooge & De Deyn, 2001; O’Keefe
& Dostrovsky, 1971; O’Keefe & Nadel, 1978; O’Keefe & Speakman, 1987; Poucet &
Benhamou, 1997; Redish, 1999; Sherry, Jacobs, & Gaulin, 1992), and humans (e.g.,
Astur, Taylor, Mamelak, Philpott, & Sutherland, 2002; Barrash, 1998; Barrash, Damasio,
Adolphs, & Tranel, 2000; Ekstrom et al., 2003; Kessels, de Haan, Kappelle, & Postma,
2001; Maguire, Frackowiak, & Frith, 1996, 1997; Maguire et al., 1998). The role of the
parahippocampal gyri in navigation has also been established; for example, in the use
of landmarks (e.g., Maguire et al. 1998; Janzen & van Turennout, 2004) and learning
and memory of the geometry of an environment (e.g., Epstein & Kanwisher, 1998).
Collectively, these data lead one to hypothesize that the hippocampus and
parahippocampal region will be associated with relatively good navigation performance
in future fMRI studies.
Previous sections have discussed sex differences in performance of traditional
tests

of

spatial

cognition

and

navigation

at

the

behavioral

and

functional

neuroanatomical levels. Another approach to explaining the sex differences in spatial
cognition comes from behavioral endocrinology. These final sections of the review focus
on the literature that has examined neuroendocrine explanations for the variability in
spatial performance, primarily the influence of T on performance.
1.4 Androgens
Prior to summarizing their effects on spatial cognition, a brief overview of
androgens will be provided. Androgens comprise one class of sex steroid hormones
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(e.g., Brown, 1994). Sex steroid hormones bind to intracellular receptors to promote
biological action, namely the regulation of gene transcription (e.g., Brown, 1994;
Mendelson, 2004).

Androgens are synthesized from cholesterol via a number of

pathways and enzymatic steps (e.g., Griffin, 2004). The testes are the primary source of
androgens in males (e.g., Brown, 1994), while the adrenal cortices and ovaries are the
primary sources of androgens in females (e.g., Rosen & Cedars, 2004). Androgens that
are not bound to the proteins sex hormone binding globulin (SHBG) or albumin,
(approximately two percent) are “bioavailable” (i.e., available to diffuse across cell
membranes and bind with nuclear androgen receptors) (e.g., Griffin, 2004). Androgens
dissociate more readily from albumin than they do SHBG (Pardridge, 1986), and
androgens bound to albumin readily travel to the brain (Griffin, 2004).
After the gonads or adrenal glands produce T, it has the potential to travel
through the bloodstream to the brain, where it can affect cognition. There are two
mechanisms by which T affects androgen receptors (AR) in the brain: (1) bind to ARs
directly, (2) bind to ARs after conversion to dihydrotestosterone (DHT) via the enzyme
5α-reductase (e.g., Fernández-Guasti, Kruijver, Fodor, & Swaab, 2000).
Androgen receptors bind all androgens but have the greatest affinity for DHT and
T (Wilson & French, 1976). ARs are widespread throughout the body, including the
central nervous system. Receptors are present in the brains of rhesus monkeys,
including the hypothalamus, anterior pituitary, amygdala, parietal cortex, and
hippocampus (Abdelgadir, Roselli, Choate, & Resko, 1999; Choate, Slayden, & Resko,
1998). ARs are widespread in the rodent hippocampus, septum, amygdala (e.g., Kerr,
Allore, Beck, & Honda, 1995; Roselli, Handa, & Resko, 1989; Sar & Stumpf, 1975),
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hypothalamus (e.g., Madeira, Ferreira-Silva, Paula-Barbosa, 2001), and parietal cortex
(Roselli et al., 1989). Sex differences in AR expression are most notable in the
hypothalamus (e.g., Roseli, 1991), and also occur in the hippocampus (e.g., Xiao &
Jordan, 2002). Much less is known about the distribution of ARs in the human brain;
however, the sex difference in hypothalamic AR has been replicated in humans
(Fernández-Guasti, Kruijver, Fodor, & Swaab, 2000 ). Similar to rodents and primates,
ARs are present in the human temporal cortex (Puy et al., 1995) including the
hippocampus (Beyenburg et al., 2000; Tohgi, Utsugisawa, Yamagata, & Yoshimura,
1995).
1.5 Organizational and Activational Effects of Androgens on Spatial Performance
Organizational effects are commonly defined as permanent hormonal effects on
neural structures and connections that take place during a critical prenatal and/or
perinatal period (Phoenix et al., 1959). Organizational effects of androgens include
influence on cell number, size, and patterns of connection; neurotransmission; stability
of synaptic contacts (McEwen, 1981); neuroplasticity (see Leranth, MacLusky, &
Hajszan, 2008 for review of sex differences in neuroplasticity); cell death (e.g., Forger,
2009); sensitivity to circulating androgens in adulthood, and adulthood androgen
concentrations (e.g., Jamison, Meier, & Campbell, 1993; Meikle, Stringham, Bishop, &
West, 1988). The critical period for organizational effects of androgens on human
spatial cognition is unknown; however, gestational week 16 may mark the peak of this
period given the maximal sex difference in androgen production at this time (Smail et
al., 1981).
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Although the distinction between organizational and later life hormonal effects is
somewhat arbitrary (Arnold & Breedlove, 1985) because these events are not
orthogonal, it is routine to heuristically characterize them as organizational or
activational (Phoenix et al., 1959). Activational effects of androgens on the brain and
behavior are commonly thought of as reversible effects upon the neural structures and
connections established during early development (e.g., Arnold & Breedlove, 1985;
Eckel et al., 2008). Activational effects are more transient short-term effects that take
place in adulthood.
1.6 Organizational Effects of Androgens on Spatial Cognition
The significance of organizational effects is that the pre/perinatal hormonal status
of a developing animal affects brain structure and function and subsequent spatial
performance. Animal models provide the opportunity to manipulate pre/perinatal
androgens and study the effects on brain function as well as spatial behavior, whereas
human models rely strongly on clinical conditions such as congenital adrenal
hyperplasia (CAH).
1.6.1 Perinatal Androgen Manipulation
Evidence for the notion that perinatal androgens affect adult spatial cognition is
apparent in several studies showing an enhancing effect of T administration on adult
spatial performance in normal female rodents and a detrimental effect following removal
of the endogenous T source in males. Thus, neonatal castration impairs adulthood
spatial performance in male rats (e.g., Dawson, Cheung, & Lau, 1975; Isgor &
Sengelaub, 2003; Joseph, Hess, & Birecree, 1978; Williams, Barnett, & Meck, 1990).
and neonatal T administration enhances adulthood spatial performance in females (e.g.,
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Dawson et al., 1975; Isgor & Sengelaub, 1998, 2003; Joseph et al., 1978; Roof, 1993;
Roof & Havens, 1992; Stewart, Skvarenina, & Pottier, 1975). At least one study has
shown that gonadally-intact males treated with T during the first postnatal week actually
perform worse than gonadally-intact control males in adulthood (Roof & Havens, 1992),
providing support for the notion that either too little or too much T can be detrimental to
spatial cognition in males.
1.6.2 Intrauterine Position
Another approach to the study of organizational hormonal effects on spatial
abilities is the use of the intrauterine position paradigm . This approach is partly based
on the observation that female rats adjacent to two male rats in utero were found to
have higher serum and amniotic fluid T concentrations than females adjacent to other
females (vom Saal & Bronson, 1978; vom Saal et al., 1990). This raises the question of
whether females exposed to higher levels of androgens in utero, by virtue of fetal
androgens diffusing across placental barriers (e.g., Ryan & Vandenbergh, 2002), may
be more masculinized than females surrounded by other females. Females surrounded
by males were found to be physiologically (e.g., increased sensitivity to T), physically
(e.g., more male typical anogenital distance) and behaviorally (e.g., more aggressive)
more masculine than females surrounded by females (reviewed in Ryan &
Vandenbergh, 2002). This endocrine and behavioral masculinization also extended to
spatial behaviors as females surrounded by males were found to perform better in a
radial arm maze than females surrounded by other females in utero (e.g., Clemens,
Gladue, & Coniglio, 1978).
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Cole-Harding, Morstad, & Wilson (1988) questioned whether human females with
male co-twins would perform better on a mental rotation task during adulthood than
females with female co-twins. The females with opposite sex co-twins performed just as
well as their male twins on the MRT. Although this finding may be interpreted as
evidence that an androgen rich prenatal environment can masculinize the mental
rotation ability in females, it may also be the case that girls who have twin brothers have
higher MRT scores for some experiential reasons such as postnatal play experiences
with a male twin.
1.6.3 Congenital Adrenal Hyperplasia (CAH)
Manipulation of prenatal hormones in humans for the sake of research is
unethical, so some researchers have taken the opportunity to study the organizational
effects of androgens on spatial cognition through clinical disorders such as CAH.
Approximately 1 in 16,000 live born infants have experienced abnormally high levels of
adrenal androgens due to genetic defects in the synthesis of corticosteroids in the
adrenal cortex (Carlson, Obeid, Kanellopoulou, Wilson, & New, 1999; New, Dupont,
Grumbach, & Levine, 1983). As a result of the dysfunctional enzyme 21-hydroxylase,
androgen levels are increased due to an abundance of androgen precursors, and
chromosomal females are partially masculinized (e.g., some degree of genital
virilization). For example, it is possible for a female fetus with CAH to have a maletypical androgen level (e.g., Pang, Levine, Chow, Faiman, & New, 1979). The
overproduction

of

androgens

is

hypothesized

to

exert

relatively

permanent

organizational effects on the brain, which in turn may affect behavior, anatomy and
physiology that is sensitive to prenatal androgen levels.
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Several studies have addressed the effects of abnormally elevated androgen
levels on different cognitive performances, but only a few were designed specifically to
evaluate spatial abilities (e.g., Resnick, Berenbaum, Gottesman, & Bouchard, Jr., 1986;
Hampson, Rovet, & Altmann, 1998; Hines, Fane, Pasterski, Matthews, Conway, &
Brook, 2003). Overall, females with CAH outperform unaffected control females in the
spatial domain and this effect is moderate (d = .30 to .60), while the opposite effect was
found for males with CAH in that they performed worse than unaffected control males
on spatial tasks (d = -.58 to -.60) (for meta-analysis see Puts, McDaniel, Jordan, &
Breedlove, 2008). This differential consequence of increased prenatal androgens on the
spatial performance of males and females with CAH, coupled with data from unaffected
genetic controls, is commensurate with the theory of an optimal level of T for spatial
performance.
1.6.4 Polycystic Ovarian Syndrome (PCOS)
The cause of PCOS is not altogether clear, but some have suggested a strong
heritable component and X – linked genetic transmission (e.g., Govind, Obhrai, &
Clayton, 1961), while others have provided some evidence for abnormality in the
regulation of the enzyme cytochrome P450c17 alpha, a rate limiting factor in the
synthesis of androgens (Rosenfield, Barnes, Cara, & Lucky, 1990). PCOS affects up to
10 percent of women in their reproductive years, with the onset frequently being
observed in the perimenarcheal phase of development (Stein & Leventhal, 1935; Torpy,
Lynm, & Glass, 2007).
Given that a hallmark of PCOS is hyperandrogenism, it is surprising that few
publications have addressed spatial performance in this group of women. If the free T
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level that corresponds with optimal spatial performance lies between the high normal
range for women and the low normal range for men, then women with PCOS would be
expected to perform better than most women. Barnard, Balen, Ferriday, Piplady, and
Dye (2007) found that women who had PCOS did not differ from control women on a
mental rotation task, regardless of whether the PCOS women were taking antiandrogen medication. The PCOS women performed significantly worse on some
measures that usually favor females over males. The primary shortcomings of this study
were the Internet survey-based method used to collect data (e.g., self-reported
diagnosis and treatment, online cognitive testing), and the lack of T measurement.
Schattmann and Sherwin (2007) tested PCOS and control women on four
measures of visuospatial ability that often favor males and several other cognitive tasks
that often favor females. The PCOS women performed significantly worse on some
measures that usually favor females. Free androgen level did not correlate with any of
the visuospatial tasks, nor were group differences found on the MRT.
In the second study by Schattmann and Sherwin (2007), they pharmacologically
reduced T levels in a PCOS group and tested visuospatial cognition before and after
three months of treatment with cyproterone acetate (anti-androgen plus estrogen). Free
androgen levels did not significantly correlate with any of the visuospatial tasks at any
time, nor was there a significant change in performance from pre- to post-treatment.
Taken together, the studies of women with PCOS do not support the idea that
androgen levels above the normal range confer an advantage on spatial tasks such as
mental rotation.
1.7 Activational Effects of Androgens on Spatial Cognition
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In addition to early life effects of androgens on spatial cognition, there is
evidence to support an activational role of androgens on adulthood spatial cognition in
nonhuman and human animals. While organizing effects are thought to permanently
affect brain structures and function during critical periods of pre/perinatal development,
activating effects of androgens influence brain function transiently by affecting the
androgen-androgen receptor binding process and subsequent transcription of androgen
dependent genes (e.g., Mendelson, 2004), neuronal structure (Gould, Woolley,
Frankfurt, & McEwen, 1990), and neurotransmitter synthesis (Arnold & Breedlove, 1985;
McEwen, 1981).
1.7.1 Adulthood Castration and Effects of Flutamide – Nonhuman Animals
Adulthood castration (e.g., Hasegawa & Mochizuki, 2009; Spritzer, Gill,
Weinberg, & Galea, 2008) and intrahippocampal injection of T to normal males
(Harooni, Naghdi, Sepehri, & Rohani, 2008) have negative effects on the spatial
performance of rodents. Detrimental effects of castration on spatial working memory
performance, and restorative effects of T treatment after castration, have been reported
by several researchers (Daniel, Winsauer, & Moerschbaecher, 2003; Gibbs, 2005;
Kritzer, McLaughlin, Smirlis, & Robinson, 2001; Sandstrom, Kim, & Wasserman, 2006).
For example, Sandstrom et al. (2006) found no effect of castration on traditional Morris
water task learning and probe trials, but found that castrated males performed worse
than controls on a modified spatial working memory version of the task. The results of
this experiment were strengthened by the fact that T replacement in the castrated group
restored performance to that of controls. In contrast, several studies have found no
effect of male castration or androgen administration to females on spatial performance
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in adulthood (e.g., Beatty, 1984; Dawson, Cheung, & Lau, 1975; Isgor & Sengelaub,
1998; Stewart, Skvarenina, & Pottier, 1975
Others have found significant activational effects of androgens on spatial learning
and memory through the use of the drug flutamide, an AR antagonist. Intrahippocampal
flutamide administration to gonadally intact males impaired learning in the Morris water
maze (Edinger & Frye, 2007; Naghdi, Nafisty, & Majilessi, 2001). Naghdi et al. (2001)
also demonstrated a detrimental effect of high doses of T (T enanthate) on Morris water
maze learning trials in intact males.
Overall, these experiments support the optimal level theory; that is, spatial
performance is best when T levels of adult males are moderate.
1.7.2 Activational Effects in Healthy Young Adult Men and Women
In the past 30 years, the effect of T on human spatial performance has received
a fair amount of attention, yet the conclusions that can be drawn from this body of work
are equivocal. Positive, negative and null relationships, have been documented in
mixed sex samples as well as for men and women separately. Even when cognitive
tests that elicit a moderate to large effect of sex (e.g., MRT) are used, the effect of T on
performance is inconsistent. The impact of androgens on spatial performance in normal
adults has been studied primarily through the comparison of groups of individuals and
through the use of correlational design. The following sections summarize and table the
effects of androgens on spatial performance in healthy young men and women (Tables
2 - 4).
Some authors have demonstrated a positive linear relationship between T and
spatial scores in men (Christiansen & Knussmann, 1987; Driscoll et al., 2005;
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Hausmann, Schoofs, Rosenthal, & Jordan, 2009; Hooven, Chabris, Ellison, & Kosslyn,
2004; Silverman, Kastuk, Choi, & Phillips, 1999), and that higher T may be associated
with a male-typical approach to navigation (e.g., use of cardinal directions; Choi &
Silverman, 2002).
Contrarily, higher T has been associated with relatively poor spatial performance
in men (Gouchie & Kimura, 1991; Moffat & Hampson, 1996; Neave & Menaged, 1999;
and Shute et al., 1983).
At least one placebo-controlled study has documented the effects of T
administration in a small group of young, eugonadal men. After receiving T enanthate
weekly for two months, performance on the WAIS-R Block Design test significantly
decreased (O’Connor, Archer, Hair, & Wu, 2001).
Finally, authors have also reported nonsignificant effects of androgens on a
variety of spatial tasks in men (Burkitt et al., 2007; McKeever et al. 1987; McKeever &
Deyo, 1990; Puts et al., 2010).
In women, some reports have concluded that higher T levels are associated with
relatively superior spatial performance (Burkitt, Widman, & Saucier, 2007; Gouchie &
Kimura, 1991; Moffat & Hampson, 1996, Neave & Menaged, 1999; and Shute et al.,
1983).
Two studies have experimentally manipulated T in women by administering T (a
single sublingual .5 mg dose) . Four hours after T administration, improvement was
observed on a delayed recall test of object location memory (Postma, Meyer, Tuiten,
van Honk, Kessels, & Thijssen, 2000). In a double-blind placebo-controlled study, MRT
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scores improved four to five hours after administration of a single sublingual .5 mg T
dose (Aleman, Bronk, Kessels, Koppeschaar, & van Honk, 2004).
Others have reported a nonsignificant effect of T (Choi & Silverman 2002;
Driscoll et al, 2005; Hassler, Gupta, & Wollmann, 1992; Hausmann et al., 2009; Karadi
et al., 2006; McKeever 1987; Puts et al., 2010; van Anders & Hampson, 2005).
Studies of eugonadal young adult men and women offer inconclusive evidence
as to the relationship between T and spatial performance. Examining results from the
female samples only, we are left with two possibilities: (a) relatively high T levels are
beneficial for women’s spatial performance, or (b) no relationship exists between T and
spatial performance in this population. Examining results from the male samples leads
to three possibilities: (a) relatively high T levels are beneficial for men’s spatial
performance, (b) relatively low T levels are beneficial, or (c) no relationship exists
between T and spatial performance in this population. When men and women were
combined for analysis, three studies supported the OLT; that is, the best spatial
performance is associated with an optimum level of T which is near the high normal end
of the female distribution and low normal end of the male distribution (Gouchie &
Kimura, 1991; Moffat & Hampson, 1996; and Shute et al., 1983).
1.8 Limitations - Activational Effects of Androgens on Spatial Performance
The variability in results relating T to spatial performance could stem from a
number of factors, including: (a) daily and seasonal variation in T, (b) sexual orientation,
(c) variation in cognitive scores across the menstrual cycle, (d) method of androgen
measurement, and (e) the interaction between T and androgen receptors. The present
study directly addressed the latter three.
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1.8.1 Effects of Menstrual Phase and Hormonal Contraceptives on Spatial Cognition
Natural variation in estradiol across the female menstrual cycle is a factor to be
considered here because nearly a dozen studies have found that women perform better
on spatial measures like the MRT during menses than they do during the mid-luteal
phase when estradiol is relatively high (for review, see Hampson, 2008). Furthermore,
women taking hormonal contraceptives typically have estradiol levels at least as low as
naturally cycling women during menses (e.g., DeLeo, Lanzetta, Vanni, D'Antona, &
Serveri, 1991). Effects of hormonal contraceptives on spatial scores have also been
reported (for review, see Hampson, 2008). In addition to decreasing endogenous
estradiol concentrations, hormonal contraceptives decrease free and total T by up to
60% (Wiegratz, Hoffmann, & Kuhl, 1995). For these reasons, it is important to control
for both the menstrual phase and for the use of hormonal contraceptives. This can be
done in a number of ways, including the exclusion of women who are using hormonal
contraceptives coupled with the inclusion of only women who are in the menstrual
phase of their cycle.
1.8.2 Method of Androgen Measurement
A second source of variability unique to measuring the effects of androgens on
human cognition is the method of specimen collection and measurement of T.
Overwhelmingly, studies of T’s effects on spatial performance have collected saliva as a
specimen and used radioimmunoassay (RIA) to quantify free T. This method provides a
relatively noninvasive and inexpensive means of measuring free T.
A number of disadvantages of RIA (e.g., cross-reactivity with compounds similar
to T influences specificity) have been cited (e.g., Griffin & Auchus, 2004; Rosner, 2001;
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Vermeulen, Verdonck, & Kaufman, 1999). Most importantly is the inadequate precision
and sensitivity with which RIA measures T in women (e.g., Demers, 2008; Stanczyk,
2006). Another concern is that RIA can overestimate or underestimate T concentrations
(e.g., Wang et al., 2004) compared to a “gold standard” mass spectrometry method.
RIAs generally overestimate T in women (e.g., Taieb et al., 2003; Wheeler & Lowry,
1987) and underestimate it in men (e.g., Taieb et al., 2003).
Taieb et al. (2003) measured serum T with 10 immunoassays and mass
spectrometry in a sample of men, women, and children. The authors concluded that use
of direct RIA such as the popular Coat-A-Count to measure T in eugonadal men is
acceptable; however, using any of the commercial assays to get accurate, reliable
measures of T in women and children is unadvisable. Mass spectrometry methods are
considered the “gold standard” because they can precisely identify and quantify the
chemical and structural properties of hormones even when a hormone is present in
minute quantities.
The Endocrine Society recommends mass spectrometry techniques for the
measurement of T (Rosner et al., 2007); however, the debate regarding adequate
measurement of T continues. A recent paper has demonstrated correlations of .67 to
.79 between measurements of total T by LC-MS/MS and measurements of total T via
RIA in women with PCOS (Legro et al., 2010). It was stated that even LC-MS/MS
methods improve in precision at the upper end of the T distribution in hyperandrogenic
women. Although the study by Legro et al. (2010) did not include a group of healthy
control women, or report on free T, it is reasonable to assume that problems with
precision are augmented when it comes to measuring free T in women whose free T
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levels are within the normal range. Taken together, these findings strongly support the
use of mass spectrometry methods for the measurement of T in eugonadal women.
1.8.3 Androgen Receptor CAG Repeat Number
In order for T to affect spatial learning and memory, AR must be present in the
brain to interact with T directly, or indirectly via the conversion of T to DHT. The
biological effects that androgens have on brain regions involved in spatial cognition may
be mediated by AR activity, concentration, and signaling (e.g., activation of androgen
dependent genes) (Brum et al., 2005; Gobinet, Poujol, & Sultan, 2002). Measurement of
T or DHT is only one independent variable comprising the interaction between the
effects of hormone and receptor on spatial cognition. Therefore, it is of interest to
identify a stable marker of androgenicity that is specific to the AR.
One such factor is the AR CAG repeat number (CAGr). The AR CAG repeat is a
polyglutamine sequence located on the AR gene of the X chromosome (Xq11-12;
Quigley et al., 1995), and the number of repeats is inversely associated with AR
transactivation (Chamberlain, Driver, & Miesfeld, 1994; Kazemi-Esfarjani, Trifiro, &
Pinsky, 1995). That is, the greater the CAGr, the less the AR transcription,
concentration, and signaling (e.g., activation of androgen dependent genes) (e.g., Brum
et al., 2005; Chamberlain, Driver, & Miesfeld, 1994; Gobinet, Poujol, & Sultan, 2002;
Quigley et al., 1995). The CAGr is polymorphic (Quigley et al., 1995). Normal ranges of
the CAGr in men are between eight and 37 with a commonly reported mean of 21 plus
or minus two (La Spada, Wilson, Lubahn, Harding, & Fischbeck, 1991; Platz, Rimm,
Willett, Kantoff, & Giovannucci, 2000; Rajender, Singh, & Thangaraj, 2007). In women,
the normal range of CAGr is between four and 33 (Westberg et al., 2001), and the mean
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number of CAGr in one sample of women was 25.9 (Hietala, Sandberg, Borg, Olsson, &
Jernström, 2007). Abnormally high CAGr have been associated with androgen
insensitivity (Choong, Kemppainen, Zhou, & Wilson, 1996). Relatively high CAGr within
the normal range have been associated with infertility (e.g., Tut, Ghadessy, Trifiro,
Pinksy, & Young, 1997), genital abnormality (Lim, Nixon, Chen, Hughes, & Hawkins,
2001), and compensatory production of T in males (Huhtaniemi et al., 2009; Krithivas et
al., 1999). Fewer CAGr have been associated with PCOS in women (Jaaskelainen,
Korhonen, Voutilainen, Hippelainen, & Heinonen, 2005; Shah et al., 2008), physical and
social dominance in young men (Simmons & Roney, 2011), and early onset Alzheimer’s
disease in men (Lehman et al., 2003).
With regard to activational effects of androgens on spatial cognition, it is possible
that a meaningful proportion of the participants in previous studies were “incorrectly
categorized”, and consequently the interpretation of the results is not straightforward.
For example, some men categorized as ‘low T’ in previous studies undoubtedly had
relatively fewer CAGr making them functionally moderate or even “high T” men,
whereas other men had relatively high CAGr. As CAGr was not measured in any of
these studies relating T to spatial cognition, the men with low and high CAGr were
placed into the same group based solely on T concentration rather than based on the
interaction of T and AR activity, possibly leading to mischaracterization of functional
androgen activity.
1.9 Summary of Literature Review and Aims of the Dissertation
The effect of sex on spatial performance ranges from small to large depending
on the task. A number of studies reviewed here support the notion that adulthood T
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concentrations affect spatial cognition, and that the nature of this hormone-behavior
relationship may depend on sex. However, the results taken collectively are equivocal.
The incorporation of a number heretofore uncontrolled factors has the potential to at
least partially explain the variability in results. Among others, these factors include the
use of the most advanced methods of T collection and measurement, and the inclusion
of CAGr genotyping as an important individual difference moderator of possible T
effects.
The innovation of this project lies in the investigation of how T and CAGr may
interact to influence spatial cognition while controlling for several potentially confounding
variables and using mass spectrometry, the gold standard of measurement. The
primary aim of this study is to investigate the effects of sex, T and CAGr on spatial
performance in healthy young adults. It is hypothesized that: (a) men will outperform
women on spatial tasks, and (b) testosterone and CAGr will interact to affect spatial
cognition outcome variables in both sexes.
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CHAPTER 2
METHOD
2.1 Participants
Participants were 88 men (n = 42) and women (n = 46) recruited through WSU
online and in-class announcements. Participants were free of self-reported psychiatric
and neurological disease, substance abuse, endocrine disorders, heart disease and
hypertension, liver and kidney disease, and anemia. Women were normally cycling (i.e.,
they were not using hormonal contraceptive methods and they reported monthly
menstrual periods) and tested during self-reported menses. Four women reported that
their menstrual phase ended more than two days before the session, and these women
were excluded from analysis. Volunteers were scheduled to participate in individual twohour sessions at the Clinical Research Center, and were compensated $25.00 or
awarded extra course credit. The mean age of the males was 22.48 (3.56) years and
the females 22.20 (3.67) years. The males had a mean of 15.05 (1.53) years of
education and the females had 14.63 (1.45) years. A wide range of academic majors
was represented; approximately half the sample was drawn from a social science,
social

work,

or

education

program.

Half

of

the

sample

self-identified

as

White/Caucasian; 24% as Black/African American; 22% as Asian, 1% as biracial, 1% as
"other", and 1% chose not to respond to the item inquiring about race. Eighty percent of
the sample self-identified as heterosexual, six percent as bisexual, three percent as
homosexual, one percent as “none”, and 10 percent did not respond to the item
inquiring about sexual orientation (Table 5).
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2.2 Procedure
Phone interviews were conducted to screen volunteers for eligibility. To control
for circadian and ultradian effects on T level (e.g., Dabbs, 1990), 79.5 percent of the
participants arrived at the laboratory at either 8:30AM or 10:00AM to begin testing.
Eighteen participants were scheduled at other times throughout the day for practical
purposes (e.g., they had class or worked in the morning). After providing informed
consent, participants completed a health and demographics form and four
questionnaires regarding their computer and navigation experience. Venipuncture was
performed using a BD Vacutainer® Safety-Lok™ Blood Collection Set to obtain 24 mL
of blood from the antecubital region. For genotyping purposes, 4 mL of blood was
drawn into a plastic whole blood tube spray-coated with EDTA and delivered to the
WSU Applied Genomics Technology Center . For the hormone assays, blood was
collected into two 10mL glass whole blood tubes, and centrifuged for 15 minutes at
3500 rpm (Thermo Scientific Sorvall Legend X1R) . Serum was aliquoted into 2mL
cryovials and stored at -80 degrees C (Thermo Scientific Revco Elite Plus). Another
questionnaire was completed before starting the cognitive testing. Next, participants
completed five spatial and three non-spatial cognitive tests and the virtual navigation
tasks. The simulator sickness questionnaire and another regarding their sense of
presence in the virtual environment was completed. The average duration of the data
collection session was 114 (18.24) minutes.
2.3 Questionnaires
Questionnaires related to navigation, computer, and computer/video game
experience were administered in the following order: the Computer Experience
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Questionnaire; an assessment of computer and video game experience; the Santa
Barbara Sense of Direction Scale (Hegarty, Richardson, Montello, Lovelace, & Subbiah,
2002), a measure of environmental spatial abilities; the Wayfinding Strategy Measure
(Lawton, 1994), a measure of strategy used to navigate to unfamiliar locations; and the
Spatial Anxiety Scale (Lawton, 1994), an assessment of anxiety related to navigation
behavior. Additional questionnaires included the Immersive Tendencies Questionnaire
(Witmer & Singer, 1996) and the Presence Questionnaire (Witmer, Jerome, & Singer,
2005) assessments of the subjective sense of presence (i.e., “being there”) in an
environment.
2.4 Cognitive Tests
The neuropsychological tests were administered in the following order: Card
Rotations Test part 1 (Ekstrom, 1976), a visuospatial test of two-dimensional mental
rotation; the Paper Folding Test (Ekstrom et al., 1976), a test of spatial visualization; the
Advanced Vocabulary Test (Ekstrom, 1976), a test of vocabulary; the Mental Rotations
Test (Vandenberg & Kuse, 1978), a visuospatial test of three-dimensional mental
rotation; the Road Map Test of Direction Sense (Money, Alexander, & Walker, 1965), a
test of left-right discrimination which requires mental rotation and egocentric
perspective; Digit Span forward and backward (Wechsler, 1981), a test of working
memory, attention and concentration; the Block Design subtest of the Wechsler Adult
Intelligence Scale (Wechsler, 1981), a test of three-dimensional blocks reconstruction;
the Controlled Oral Word Association Test (Benton & Hamsher, 1976), a test of
phonetic word fluency; and the Card Rotations Test part 2 (Ekstrom, 1976).
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2.5 Spatial Navigation Assessments
All virtual environments were designed using Unreal Tournament and Unreal
Editor software (Epic Games Inc.). Participants viewed all virtual assessments on a 27.5
inch flat panel LCD monitor approximately 25 inches in front of them, therefore, covering
approximately 58 degrees of visual angle. Movement through the virtual environments
was controlled with a joystick. The Unreal software automatically collected (x,y) path
coordinates every 10 milliseconds, and computed time and distance to completion of
each trial as well as overhead views of the participant’s path during each trial.

In

addition, path intersections were tallied and mapped by this program each time a
participant intersected an (x,y) coordinate space they had previously traversed; that is,
an intersection was the point where the (x,y) coordinates for two paths was the same.
This variable was included to calculate the number of times a participant intercepted
their own path, effectively returning to an identical point in space that they had already
visited.
2.6 Joystick Practice
During joystick practice, the experimenter demonstrated how the joystick worked
and then asked participants to navigate to several objects within a virtual room and to
traverse a long winding hallway. The purpose of this practice was to familiarize
participants with use of the joystick and computer interface.
2.6.1 vMWT – Practice
Prior to completing the learning trials, participants received training to familiarize
them with the specific procedures and goals of the vMWT. Participants were given three
practice trials of the vMWT in which they were placed in a virtual pool of water enclosed
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within a larger room. The room had a ceiling, floor, five walls and four objects placed
around the pool, which can serve as navigation cues. The walls can serve as distal
geometric cues because they are asymmetric and do not all form 90◦ angles. Within the
pool there was a hidden platform that the participants were instructed to find. When the
person “swam” over the hidden platform, it raised them out of the water for 10 seconds
rendering them immobile except for the ability to rotate 360 degrees. The platform
remained in the same location across all trials and participants were informed of this.
They were instructed to find the platform, remember its location, and return to the
platform as quickly as possible on each trial. If a participant failed to locate the hidden
platform in the allotted three minutes, the experimenter took control of the joystick and
located the platform.
2.6.2 vMWT – Learning
Participants were introduced to a new vMWT with seven walls and six objects
and were instructed to locate the hidden platform as quickly as possible. They were
informed that the platform would remain in a fixed location, although their starting point
would be randomized. They were instructed to find the platform as quickly and
accurately as possible on all subsequent trials. Similar to the practice trials, they
remained on the platform for 10 seconds each time they found it, and were able to
rotate 360 degrees during this time. There was a three-minute time limit applied to each
of the 10 learning trials. If a participant failed to locate the hidden platform in the allotted
three minutes, the experimenter took control of the joystick and located the platform. In
all, two men and three women required experimenter completion of one of the 10 trials.
One woman required experimenter completion of three trials. Dependent variables
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included time and distance taken to reach the hidden platform in each trial, and path
intersections.
2.6.3 vMWT – Probe
Following the 10 learning trials, there was one, 60-second, probe trial in which
the platform was removed from the pool (same pool as learning trials) unbeknownst to
participants. Starting point for the Probe trail was randomized across the three non-goal
quadrants. The dependent measures included percentage of time and distance spent in
the goal quadrant, number of platform area intersections, and number of path
intersections.
2.6.4 vMWT –Visible Platform
In the final vMWT trial, participants were placed in the same pool they had been
in for the learning and probe trials. This time the platform location was marked with flags
and the participants was told to swim to it as quickly as possible across three trials.
Starting point for the Visible Platform trial was randomized. This trial served as an
assessment of visuomotor control without requiring spatial cognition and memory in
locating the platform. The dependent measures included average time and distance to
complete the three trials.
2.6.5 vMWT - Overhead Maps
Following the vMWT trials, three separate overhead diagrams of the vMWT
environment were presented to participants (Figure 2). The first of the diagrams
contained only the walls; the second, only the objects; and the third was of the vMWT
arena as it was presented with all object and geometric cues. In each of these three
conditions, participants were told to place an “x” in the pool where they believed the
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center of the platform existed during the vMWT trials. The center of their “x” was used to
measure the distance in millimeters from the actual center point of the square platform.
That distance, for each of these three conditions was used as a dependent variable
assessing spatial memory as a function of cue type.
2.6.6 vMWT Strategy Assessment
After the completion of all vMWT trials, participants were asked an open-ended
question about how they found the platform and remembered its location. Responses
were recorded by the experimenter, and categorized (yes or no) according the following
variables: (a) use of proximal cues (cues close to the edge of the pool), (b) use of distal
cues (outer walls of pool arena), (c) use of two or more cues at a time, and (d) use of a
Cartesian strategy (e.g., they mentioned forming grids or angles with walls and/or
objects) to locate hidden platform. Responses were coded by a second rater for the
purpose of inter-rater reliability, and agreement was 100% for use of proximal cues,
94% for number of cues, 93% for use of distal cues, and 92% for use of a Cartesian
strategy. The primary experimenter's data were used during analysis.
2.7 Simulator Sickness Symptom Questionnaire
After completion of the virtual navigation tasks, participants responded to a 16item questionnaire that asks about the presence and severity of motion sickness
symptoms such as nausea and headache.
2.8 Genomic Analysis
Blood was drawn into 4mL plastic whole blood spray-coated EDTA tubes, The
polymerase chain reaction technique, which provided number of AR CAG repeats per
participant, was performed at the WSU Applied Genomics Technology Center using the
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method stated below (from Dorothy Catella, WSU Applied Genomics Technology
Center).
DNA was isolated from blood using a Qiagen EZ1 Advanced. The outer
amplification was carried out in a 15 µl reaction containing 20 µmol/l of the gene specific
primers NED-gcgcgaagtgatccagaa and gttgctgttcctcatcca (Rosa et al, 2006), 1X True
Allele PCR Mix (Applied Biosystems), and 25 ng genomic DNA. The amplification was
performed on a Mastercycler Gradient thermocycler (Eppendorf). The reaction
conditions were 950C for 10 minutes, and amplification was achieved by 40 cycles of
950C for 30 seconds, 60.60C for 30 seconds, and 720C for 30 seconds followed by a
final extension of 720C for 10 minutes. The NED-labeled PCR products were mixed
with LIZ-labelled GeneScan™ 500 size standard (Applied Biosystems) and
electrophoresed on a AB3730 (Applied Biosystems). The data were analyzed with
GeneMapper (Applied Biosystems). CEPH 1347-02 DNA (Applied Biosystems) was
used as a standard DNA and amplified and electrophoresed on each 96-well plate.
Male samples and female homozygous samples at the CAG gene were excluded
from the X-inactivation analysis. The remaining heterozygous female samples were
analyzed for X-inactivation by assessment of methylation status using the methylation
sensitive restriction enzyme HpaII (New England BioLabs® Inc., Ipswich,
Massachusetts).
Nonmethylated (active X) DNA segments digest with enzyme and are thereby
unavailable for PCR amplification. Methylated (inactive X) HpaII sites do not digest with
enzyme and remain intact for amplification. Postdigestion PCR products therefore
represent methylated (inactive X) DNA sequences only (Hickey et al, 2002).
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225 ng (25 ng/ul) genomic DNA aliquots were either digested with HpaII (5U) or
mock-digested in digestion buffer with no enzyme. Samples were digested for 1 hour at
37°C in a 20 ul reaction volume, with a heat inactiva tion step of 20 minutes at 65°C.
Aliquots of 1 ul were amplified by PCR and followed the above CAG method of analysis.
Total peak heights for both alleles were calculated for digested and undigested
samples. Differences in the ratios of the peak heights between the digested and
undigested samples represent the degree to which one allele is more or less
methylated than the other in a sample.
2.9 Hormone Assessment
Testosterone analysis was provided by Quest Diagnostics using turbulent flow
liquid chromatography tandem mass spectrometry (LC-MS/MS). This method shows no
cross-reactivity with 30 steroid compounds biochemically similar to T, has an analytical
sensitivity of 1.0 ng/dL, and a reportable range of 1.0 ng/dL to 2000 ng/dL. Free T was
calculated based on total and percent unbound to SHBG and albumin.
2.10 Missing Data and Data Transformations
Missing cognitive data included: two Road Map number correct, four Road Map
time to completion, one Digit Span, one Blocks Design, and one COWA. Missing values
were replaced using expectation maximization (EM), which yielded the same values as
using mean substitution (Tabachnick & Fidell, 2001).
Missing questionnaire data included: two SBSOD, one Wayfinding, one SAS, one
Immersive Tendencies, five Presence, and three Simulator Sickness. All but three of the
Presence and all three of the Simulator Sickness missing values were replaced using
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mean substitution. The data that remain missing were from three individuals who did
not complete the vMWT (see below).
Two women and one man did not complete the vMWT, and their data were
treated as missing. One woman fainted during the blood draw and was not asked to
attempt the virtual tasks after the episode. A second woman arrived late and left early
due to a schedule conflict. One man terminated his participation early because he felt
fatigued. CAGr and hormone data are missing for four participants due to failure of the
blood draw.
LG10(X) transformations were used to reduce skew on the Road Map time to
completion, distance travelled across the 10 vMWT learning trials, distance travelled
across the three vMWT visible platform trials and number of path intersections during
the probe trial. Number of correct responses on the Road Map was negatively skewed;
a LG10(K-X) transformation reduced the skew. This transformation was computed by
subtracting all of the Road Map correct scores from 31 (i.e., 1 plus the absolute value of
the maximum score possible for Road Map correct). Values that result from this
transformation are greater than zero. Number of path intersections across the 10 vMWT
learning trials were positively skewed; LG10(X+1) transformations were used to reduce
skew. The LG10(X+1) transformation was applied rather than the LG10(X)
transformation because two participants did not intersect their own paths at all during
the learning trials (i.e., their scores on that variable were 0); therefore, it was necessary
to add a constant of 1 All data transformations were computed based on the summary
of "common data transformations" (Tabachnick & Fidell, 2001).
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CHAPTER 3
RESULTS
Sections 3.1 to 3.3 present sex differences in cognitive, vMWT, and
questionnaire scores; 3.4 to 3.5 describe the hormone concentrations of the sample, as
well as relationships between free T and cognitive, vMWT, and questionnaire scores;
3.6 describes the CAGr distribution as well as relationships between CAGr and
cognitive, vMWT, and questionnaire scores; and 3.7 presents relationships between
free T and cognitive, vMWT, and questionnaire scores by sex and CAGr group.
In the present sample, 80 percent of the participants self-identified as
heterosexual, six percent as bisexual, three percent as homosexual, one percent as
“none”, and 10 percent did not respond to the item inquiring about sexual orientation. To
test the possibility that sexual orientation or the interaction of sex and sexual orientation
affected the test scores in this study, heterosexuals and those who did not respond to
the orientation item were coded as one group, and those who identified as homosexual,
bisexual, or "none" were coded as a second group. All analyses were run including and
excluding participants who explicitly endorsed an orientation other than heterosexual.
Unless otherwise noted, results based on the whole sample are reported.
3.1 Sex Differences – Cognitive Tests
Sex differences on the cognitive measures were investigated with independent
samples t tests. Males outperformed females on the Money Road Map time to
completion, t (81) = 4.34, p < .001. When individuals who self-identified as nonheterosexual were excluded, males still outperformed females on the Money Road Map
time to completion, t (73) = 4.84, p < .001; Money Road Map number of correct

36
responses, t (73) = 2.14, p < .04; and MRT, t (73) = 2.01, p < .05. Tables 6 and 7
display the means, standard deviations, and effect sizes (Cohen’s d) for the cognitive
measures as a function of sex, and does not include data from the non-heterosexuals.
3.2 Sex Differences – Virtual Morris Water Task
3.2.1 Visible Platform Trial
Total distance travelled to complete the three trials of the joystick control task did
not differ by sex, t (77) = 1.40, p = .17.
3.2.2 Learning Trials
Distance travelled across the 10 learning trials was entered into a repeated
measures ANOVA with sex as the between subjects factor. Main effects of trial; F (9,
693) = 59.36, p < .001; and sex, F (1, 77) = 3.97, p = .05, d = .31 on distance traveled
across the learning trials were observed (Figure 3). The sex by trial interaction was not
significant, F (9, 693) = 1.55, p = .13. Inclusion of video game experience as a covariate
eliminated the significance of the sex effect, F (1, 76) = 1.02, p = .32. When the
participants who self-identified as non-heterosexual were excluded, the addition of video
game experience as a covariate did not diminish the sex effect, F (1, 69) = 6.21, p < .05.
Number of path intersections across the 10 learning trials were entered into a
repeated measures ANOVA with sex as the between subjects factor. The main effects
of trial, F (9, 693) = 16.81, p < .001 and sex, F (1, 77) = 12.37, p = .001, d = .63 were
significant, with women intersecting their own path more frequently than men. (Figure
4). The interaction of trial and sex was not significant, F (9, 693) = 1.08, p = .37.
Inclusion of video game experience as a covariate did not diminish the significance of
the sex effect, F (1, 76) = 6.29, p = .01.
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3.2.3 Probe Trial
Men travelled a greater distance during the probe trial than women, F (1, 77) =
20.60, p < .001; travelled a greater distance in the goal/platform quadrant of the pool; F
(1, 77) = 21.47, p < .001; and crossed the platform area more frequently, F (1, 77) =
10.38, p = .001. The sex difference in platform areas crossings was significant in the
first 30 seconds of the probe trial, F (1, 77) = 20.64, p < .001, but not in the second 30
seconds, F (1, 77) = .84, p = .36. In contrast to the learning trials, men intersected their
own path more often than women in the probe trial; F (1, 77) = 12.28, p = .001, and this
was specific to path intersections within the goal quadrant, F (1, 77) = 9.54, p = .003, as
the sexes did not differ in the number of path intersections outside of the goal quadrant,
F (1, 77) = 1.24, p = .27. Adding video game experience as a covariate in an ANCOVA
did not diminish the significant effect of sex on any of these variables; however, using
total distance travelled as a covariate attenuated the sex effect. Seventy-five percent of
the distance travelled in the probe trial by both men and women was within the goal
quadrant. Table 8 displays means, standard deviations, and effect sizes for probe trial
measures as a function of sex.
3.2.4 Maps
When participants were shown overhead maps of the vMWT and asked to place
an "x" where they thought the center of the platform area was, a main effect of map type
on accuracy of marking the platform location was observed, F (2, 152) =66.48, p < .001.
Post-hoc comparisons revealed differences between all three map types with
participants being most accurate on the map with all of the cues (mean error = 8.43mm,
SD = 6.12mm), intermediate with the map containing all proximal object cues (mean
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error = 7.37mm, SD = 5.40mm), and least accurate with the map that contained only
distal cues (mean error = 22.93mm, SD = 16.44mm). Regarding the map that contained
only distal cues, participants who reported using distal cues to locate the platform
across learning trials were more accurate than those who did not utilize distal cues, F
(1,76) = 6.54, p = .01; and women were more accurate than men, F (1, 21) = 9.82, p =
.005.
3.2.5 Strategy
After completion of all virtual navigation tasks, participants were asked to report
how they found the hidden platform and remembered its location. Participants reported
using one to four cues (mean = 2.24, SD = .83) while locating and remembering the
location of the hidden platform across learning trials. All participants reported using at
least one proximal cue, 29 percent reported use of at least one distal cue, and 44
percent were categorized based on their self-reported strategy as employing a
Cartesian strategy. The percentage of participants who reported using at least two cues
to locate the platform did not differ by sex, χ2 (1, N = 79) = 3.31, p = .07. The percentage
of participants who reported using distal cues did not differ by sex, χ2 (1, N = 79) = .10, p
= .75. The percentage of participants who were classified as using a Cartesian strategy
to locate the platform did not differ by sex, χ2 (1, N = 79 ) = .64, p = .42 (Table 9).
Follow-up analyses were performed to test the main effect of Cartesian strategy,
and interaction of strategy and sex, on vMWT performance. Univariate ANOVA was
conducted with sex and Cartesian strategy as independent factors and each of the
vMWT measures as dependent variables. There was no main effect of strategy on any
of the vMWT performance variables. A significant interaction between sex and strategy
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was found for accuracy of platform area identification on the overhead map which
contained only distal cues, F (1, 79) = 5.24, p < .05 (Figure 5). Men and women who
were classified as not using a Cartesian strategy showed a negligible difference in
accuracy, whereas women who were classified as using a Cartesian strategy
demonstrated greater accuracy. Given that use of a Cartesian strategy did not
necessarily involve use of distal cues, a follow-up analysis included only the individuals
who reported using at least one distal cue to locate the hidden platform. The sex by
strategy interaction was attenuated, F (1, 19) = 1.73, p = .20, but the main effect of sex
remained significant, F (1, 19) = 6.82, p < .05. The use of video game experience as a
covariate did not diminish the female advantage in this analysis.
3.3 Sex Differences – Computer, Game, and Navigation Experience
To investigate sex differences in video game and navigation experience,
independent samples t tests were performed. Men reported more video game
experience than women; CEQ, t (81) = 3.57, p < .001; ITQ-Games, t (81) = 2.70, p =
.008 . Table 10 displays the means, standard deviations, and effect sizes (Cohen’s d)
for the video game and navigation experience questionnaires as a function of sex.
3.4 Hormone Concentrations
Men had higher free T concentrations than women, t (40.53) = 18.71, p < .001.
Testosterone levels did not differ significantly by season in men, F (3, 35) = .34, p = .80;
or women, F (3,32) = 1.10, p = .37. Testosterone levels did not differ significantly by
time of day in men, F (2, 39) = .77, p = .80; or women, F (2, 36) = .49, p = .62; a result
which was due to the constraints placed on time of testing. Table 11 displays means,
standard deviations, minimum and maximum values, and the normal reference range
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(Quest Diagnostics) as a function of sex. Table 11 also displays T values by time of day
and season. Two men and three women were excluded from analyses relating
testosterone with behavior because their free T levels were at least two standard
deviations above the mean for their sex.
3.5 Relationships between Free Testosterone and Cognitive, vMWT, and Questionnaire
Variables
Linear and quadratic relationships between free T and cognitive, vMWT, and
questionnaire variables were tested for men and women, and were duplicated without
the non-heterosexual participants. Where the exclusion of non-heterosexuals changed
the relationship between free T and cognitive, vMWT, or questionnaire score, results
will be reported. Figures 6 - 9 display the scatter plots for significant linear and quadratic
relationships between free T and cognitive, vMWT, and questionnaire scores in women.
Tables 12 - 14 display all bivariate correlations between free T and cognitive, vMWT,
and questionnaire scores respectively. Data from participants determined to be
univariate or multivariate outliers are not represented in the tables.
3.5.1 Relationships between Free T and Cognitive, vMWT, and Questionnaire Scores in
Men
Free T was not significantly related to any of the cognitive, vMWT, or
questionnaire measures in men.
3.5.2 Relationships between Free T and Cognitive, vMWT, and Questionnaire Scores
in Women
Free T was positively associated with performance on the Digit Span Forward
test, R2 = .13, F (1, 36) = 6.54, p = .02, and negatively related to time to complete the
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Road Map, R2 = .15, F (1,35) = 7.12, p = .01. Free T was not significantly related to any
of vMWT measures in women. Positive linear relationships were observed between free
T and scores on the Computer Experience Questionnaire, R2 = .17, F (1, 35) = 8.03, p =
.008. Quadratic trends fit the data between free T and Spatial Anxiety, R2 = .19, F (2,
33) = 4.94, p = .01. All relationships between free T and questionnaire scores were
attenuated to nonsignificance when non-heterosexuals were omitted from the analysis.
3.6 Androgen Receptor CAG Repeat
AR CAG repeats ranged from 12 to 30 with a mean of 21.06 (3.29) and a median
and mode of 21 (Figure 10 ). Men had an average of 21.32 (3.24) repeats, and women
had an average of 20.81 (3.37) repeats. There was no sex difference in repeat number,
t (82) = .70, p = .49.
For the group as a whole, Pearson correlation coefficients between repeat
number and cognitive, vMWT, and questionnaire data were nonsignificant. Significant
positive correlations were found between repeat number and Card Rotations, r (40) =
.36, p = .02; MRT, r (40) = .31, p = .05; Vocabulary, r (40) = .32, p = .04, and Digit Span
Forward, r (40) = .33, p = .04 in women (Figures 11 -13). A negative correlation was
observed between CAGr and time to complete the Road Map, r (38) = -.34, p = .03
(Figure 14). An inverted-u shaped quadratic function best fit the relationship between
CAGr and SAS for women, R2 = .11, F (2,37) = 3.17, p = .05 (Figure 15). For men,
significant correlations were found between repeat number and CEQ, r (41) = -.36, p =
02; ITQ Total, r (41) = -.31, p = .05; and ITQ-Games, r (41) = -.38, p = .02 (Figures 16 18).
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3.7 Relationships between Free T and Cognitive, vMWT, and Questionnaire Scores as
a Function of Sex and CAGr
It was hypothesized that the relationship between testosterone and spatial
cognition would vary by sex and CAGr (low CAGr vs. high CAGr). To test this
prediction, a median split was performed on the CAGr variable, which placed those with
21 or fewer repeats in the "low" group and those with 22 or more repeats in the "high"
group. Correlations between free T and the cognitive, vMWT, and questionnaire
variables were analyzed separately for low and high CAGr groups within each sex.
3.7.1 Relationships between Free T and Cognitive Scores as a Function of Sex and
CAGr
Correlations between free T and the cognitive variables ranged from near zero to
an absolute magnitude of .49 when men and women were categorized by low or high
CAGr; however, none of these correlations were statistically significant. When nonheterosexual men were excluded from the analysis, four of the correlations between
free T and spatial measures in the low CAGr group increased in magnitude: Card
Rotations, r (16) = -.51, p =.03; Block Design, r (16) = -.46, p = .05; accuracy on the
Road Map, r (16) = .49, p = .03; and Paper Folding, r (16) = -.52, p = .02. In the high
CAGr group, the correlation between free T and Paper Folding score was positive, r
(16) = .58, p = .02. The significant zero order correlations between free T and Paper
Folding scores in the high versus low CAGr groups were subjected to a Fisher r-to-z
transformation, and found to be significantly different from each other, z = 3.03, p =
.002. Figures 19 - 27 display the results, with significant correlations noted with an
asterisk.
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3.7.2 Relationships between Free T and vMWT Scores as a Function of Sex and CAGr
None of the correlations between free T and vMWT outcome measures by sex
and CAGr group were significant. Figures 28 - 33 display the results.
3.7.3 Relationships between Free T and Questionnaire Scores as a Function of Sex and
CAGr
For women in the high CAGr group, free T was positively associated with video
game experience, r (16) = .53, p = .03. When non-heterosexuals were excluded, higher
free T was correlated with lower Spatial Anxiety scores in the men with low CAGr, r (15)
= -.46, p = .05. Figures 34 - 40 display the results, with significant correlations noted
with a star.
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CHAPTER 4
DISCUSSION
The purpose of this project was to assess the impact of sex, T, and CAGr on
spatial performance in a group of healthy young adults. The hypothesis that men would
outperform women on traditional measures of spatial cognition, as well as a
computerized version of the Morris Water Task was supported. Most importantly, this
initial investigation suggests that CAGr may have a direct impact on cognition and may
modify the relationship between T and spatial cognition within sex.
4.1 Effect of Sex on Cognitive and vMWT Measures
The male advantage on measures of spatial cognition reported here is congruent
with several reviews and meta-analyses (Hyde, 1981; Linn & Petersen, 1985; Maccoby
& Jacklin, 1974; and Voyer et al., 1995), as well as individual studies similar to the
present study (e.g., Gouchie & Kimura, 1991; Moffat & Hampson, 1996; Nowak &
Moffat, 2011; Silverman et al., 1999).
The sex difference favoring men in vMWT performance is also in agreement with
previous reports (Astur et al., 1998; Astur, Tropp, Sava, Constable, & Markus, 2004;
Burkitt, Widman, Saucier, 2007; Driscoll, Hamilton, Yeo, Brooks, & Sutherland, 2005;
Mueller, Jackson, & Skelton, 2008; Nowak & Moffat, 2011; Rahman & Koerting, 2008;
and Sandstrom, Kaufman, & Huettel, 1998). It is noteworthy that the large male
advantage on distance travelled in the goal area of the probe trial, platform area
crossings, and number of path intersections was attenuated when percentage of total
distance travelled within the goal area was used as the dependent variable. This is
similar to a study by Driscoll et al. (2005) in which no effect of sex was found on
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percentage of distance spent in the goal quadrant during the probe trial. Astur et al.
(1998) observed that men located the hidden platform faster than women across
learning trials, and travelled a greater percentage of their total distance in the goal
quadrant during the probe trial. Both Astur et al. and Driscoll et al. used a version of the
vMWT which contained only distal cues, so it is possible that our task with its multiple
proximal cues is easier. In support of the notion of task difficulty, men in Astur's study
travelled 60% of their total probe trial distance in the goal quadrant, while the men and
women in our task spent 75% of their total distance within the goal area.
Contrary to prediction was the observation of a female advantage in locating the
platform area in the Map Wall condition (i.e., the overhead map that contained only
distal cues). Women whose self-reported platform-locating strategy was classified as
Cartesian outperformed the rest of the sample. Because this map included only distal
cues, and one could use a Cartesian strategy without integrating distal cues, the
analysis was run again using only those individuals who mentioned at least one distal
cue as part of their strategy. The female advantage, regardless of strategy, was upheld
even after matching men and women for use of distal cues. Past research has found
that men were able to use distal geometric cues to find the hidden platform in the vMWT
whereas women did not effectively use these cues and were successful only when
stable landmarks were available to aid relocation of the hidden platform (Sandstrom et
al., 1998). Likewise, women forced to use a Euclidean strategy to navigate a university
campus made more errors than men, and more errors than women who were forced to
use a landmark-based navigation strategy (Saucier et al., 2002). The strength of these
two studies lies in the fact that they manipulated strategy, whereas the present study
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coded the self-reported strategy as either Cartesian or not. However, unlike the studies
of Saucier at al. (2002) and Sandstrom et al. (1998), the environment in the present
study remained stable over the trials and participants were free to utilize all of the object
and distal wall cues. Participants responded to the open-ended question: "How did you
find and remember the location of the platform?". Women reported using fewer cues
than men to locate and remember the platform location, but this does not negate the
possibility that women observed and remembered more cues than they used. It is
possible that the female advantage on this map is due to a tendency for women to
outperform men on tasks of object location memory, such as memory for the relative
position of objects within an array (Eals & Silverman,1994;

McBurney, Gaulin,

Devineni, & Adams, 1997; and Silverman & Eals, 1992). A limitation of the study is that
an assessment of memory for the individual vMWT cues was not administered. It is also
worth noting that the sex difference favoring females occurred only on the mapping
component after all virtual environment learning, probe and swim trials had been
completed. Regardless of the cause of the sex difference on the mapping task, it was
not reflected in the preceding learning or probe trials of vMWT task which favored
males.
4.2 Effect of Testosterone on Cognitive and vMWT Measures
In considering our findings regarding free T in isolation from CAGr, our results
are not commensurate with the optimal level theory (i.e. negative effect of relatively high
T in men, and positive effect of high T in women; Gouchie & Kimura, 1991; Moffat &
Hampson, 1996; and Shute et al., 1983); or with reports of a positive effect of T in men
(Christiansen & Knussmann, 1987; Driscoll et al., 2005; Hausmann, Schoofs,
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Rosenthal, & Jordan, 2009; Hooven, Chabris, Ellison, & Kosslyn, 2004; Silverman,
Kastuk, Choi, & Phillips, 1999), and women (Aleman et al., 2004; Burkitt et al., 2007;
Gouchie & Kimura, 1991; Moffat & Hampson, 1996, Neave & Menaged, 1999; Postma
et al., 2000; and Shute et al., 1983). Instead, our findings are most similar to studies
which have found null or at least nonsignificant relationships between T and spatial
scores in men (Burkitt et al., 2007; Choi et al., 2002; Christiansen & Knussman, 1987;
Gouchie & Kimura, 1991; Hassler et al., 1992; McKeever et al., 1987, 1990; and Puts et
al., 2010), and women (Driscoll et al., 2005; Gouchie & Kimura, 1991; Hassler et al.,
1992; Hausmann et al., 2009; Karádi et al., 2006; McKeever et al., 1987; Puts et al.,
2010; Shute et al., 1983; and van Anders et al., 2005).
Correlations between free T and vMWT performance in our study ranged in
magnitude from .05 to .25 and did not reach statistical significance. Two other studies
have assessed the effects of free T on men's and women's performance in a vMWT
(Burkitt et al., 2007; and Driscoll et al., 2005). Driscoll et al. reported that higher T was
associated with faster performance across learning trials of a vMWT in men, but that T
was not significantly related to performance in women. Burkitt et al. found that women in
their low T group took longer to locate the hidden platform across learning trials than
men in the low and high T groups, as well as women in the high T group. Men in the
low and high T groups did not differ in vMWT performance. A major limitation of this
(Burkitt et al.) study was an error in sample collection or immunoassay method that led
to a mean salivary T level of 96.7 pg/mL in women classified as high T; an average
value that far exceeds the reference range for healthy young women.
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One advantage of the present study was its use of multiple assessments of
spatial skills and experience. In women, higher T was associated with faster
performance of the Money Road Map test, an assessment of left-right discrimination in
a mapping context which required mental rotation and egocentric perspective. Higher T
was also correlated with better scores on the Digit Span Forward test, an assessment of
working memory, attention, and concentration. These two results are consistent with the
notion that higher T may be associated with better cognitive scores in women, however
we did not replicate this relationship with tests of mental rotation or spatial visualization.
The present study differed in four key ways from those that preceded it. First, we
controlled for menstrual cycle effects on spatial performance by testing women during
menses, a phase of the cycle associated with relatively superior mental rotation scores
(for review, see Hampson, 2008). This is likely a contributing factor to the medium
effect of sex on MRT score in the present study compared to the larger sex effect
reported in studies where menstrual phase was uncontrolled (e.g., Moffat & Hampson,
1996; Nowak & Moffat, 2011; Silverman et al., 1999). Likewise, women in our sample
were not taking hormonal contraceptives, which are known to suppress T levels by up to
60% (Wiegratz et al., 1995 ). Hormonal contraceptive use can also impact spatial
performance (Hampson, 2008). Third, we did not screen potential participants based on
sexual orientation but we did address the possibility of a sex by sexual orientation
interaction on all measures by duplicating analyses without the individuals who selfidentified as non-heterosexual. Finally, we collected blood samples to quantify T by LCMS/MS, the accepted “gold standard” for T measurement (e.g., Rosner et al., 2007), as
opposed to collecting saliva samples and quantifying T via RIA.
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Of the 18 studies reviewed in this paper (Tables 2 & 3), 12 collected saliva and
quantified T by immunoassay (primarily RIA). The other 6 collected blood samples and
measured T from serum or plasma using RIA. Advantages of these methods are that
collection of saliva is more convenient and less invasive than drawing blood, and RIA is
less expensive than mass spectrometry. The primary disadvantage is the lack of
precision at the low end of the T distribution (i.e., eugonadal women). Immunoassay
methods such as RIA have been shown to overestimate T in women (e.g., Taieb et al.,
2003; Wheeler & Lowry, 1987) and underestimate it in men (e.g., Taieb et al., 2003;
Wang et al., 2004). The Endocrine Society recommends mass spectrometry techniques
for the measurement of T (Rosner et al., 2007); however, the debate regarding
adequate measurement of T continues, especially where it concerns young adult
eugonadal women.
Of the studies that supported the optimal level theory (Burkitt et al., 2007;
Gouchie & Kimura, 1991; Moffat & Hampson, 1996; and Shute et al., 1983), limitations
in the method of salivary sample collection or T measurement exist in three.
Inadequate specificity of the RIA used in the study by Shute et al. (1983) led to crossreactivity with compounds biochemically similar to T. The saliva-stimulating gum used
by Gouchie and Kimura (1991) interfered with the RIA and resulted in unreasonably
high T levels (e.g., a mean free T concentration of 51.10 pg/mL in women). The study
by Burkitt et al. (2007) experienced a similar problem with their assay which resulted in
the mean free T level of women exceeding 96 pg/mL. Free T concentrations reported by
Moffat and Hampson (1996) were within the normal range for salivary free T.
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Silverman et al. (1999) conducted a study very similar to the one by Moffat and
Hampson (1996),and even took care to use the same laboratory for their salivary RIA
analyses. Silverman et al. reported a positive linear correlation between free T and
MRT scores in men, whereas Moffat and Hampson reported a negative linear
relationship. As reported by Silverman et al., the "sole salient difference" between the
two studies was that the men in the study by Moffat and Hampson had a higher mean
MRT score than the men in their sample. Silverman speculated that the correlation
between T and MRT scores could be modified by how difficult the MRT was for the
participants, assuming that accuracy was a reflection of difficulty. Silverman et al. went
on to suggest that higher T may have been beneficial for their participants because the
MRT was perceived as challenging, whereas high T could have shown the opposite
effect in the higher scoring sample of Moffat and Hampson because the MRT may have
been perceived as an easy task. According to this logic, a sample of men with lower
accuracy rates than those of Silverman's sample should also exhibit a positive
correlation between free T and MRT scores. The men in a study by Hausmann et al.
(2009) had accuracy rates on the MRT that were approximately 3% lower than those of
Silverman's participants, and a positive correlation was reported. On the other hand,
according to Silverman's speculation, a sample of men with higher accuracy rates than
those reported by Moffat and Hampson should exhibit a more pronounced negative
correlation between free T and MRT scores. Accuracy on the MRT in the present study
was comparable to that of the men in Moffat and Hampson's study, as was the range of
free T values (approximately 40 - 140 pg/mL). In our sample of men, T levels did not
relate significantly to MRT scores. It does not appear to be the case that the
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discrepancy in results between Moffat and Hampson, Silverman et al., and the present
study can be easily explained by task accuracy/difficult, although with only 3 studies, it
is difficult to resolve this issue definitively. A future study could address Silverman's idea
more systematically.
4.3 Effect of CAGr on Cognitive, vMWT, and Questionnaire Measures
On account of inconsistencies in the literature relating T to spatial cognition, we
added another measure of androgenicity. While T fluctuates based on time of day,
season, phase of the menstrual cycle, behavior, and age, the number of CAG repeats in
the AR gene is constant over time in an individual. When an AR is bound by T, the
ligand-receptor complex regulates expression of androgen dependent genes throughout
the brain and body. CAGr may be thought of as a factor that modifies the individual's
capacity for androgenicity along a continuum from low to high. Where on this continuum
an individual lies impacts their physical and mental state.
Our study examined linear and nonlinear relationships between CAGr and
cognitive, vMWT, and questionnaire variables. Lower androgenicity (higher CAGr) in
women was associated with better performance on tests of vocabulary, 2D and 3D
mental rotation (Card Rotations and MRT), left-right discrimination which required
mental rotation and egocentric perspective (Road Map), as well as working memory,
attention, and concentration (Digit Span). The finding that lower androgenicity (higher
CAGr) was associated with better mental rotation performance appears to be a direct
contrast with predictions that higher T would be associated with better spatial scores in
women In men, lower androgenicity (higher CAGr) was associated with less video game
experience (CEQ and ITQ-Games) and less of a tendency to become immersed in
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activities such as video games (ITQ-Total). However, focusing solely on the bivariate
correlations between CAGr and the dependent measures omits any effect of T, and one
of the aims of this study was to consider T and CAGr together as a means to explain
variability in spatial scores.
4.4 Relationships between Testosterone and Cognitive and vMWT Measures by CAGr
and Sex
We also tested the prediction that T and CAGr act dependently in that CAGr may
modify the relationship between T and cognitive, vMWT, and questionnaire variables.
CAGr was subjected to a median split. Correlations between T and cognitive, vMWT,
and questionnaire variables were examined for low and high CAGr groups within sex.
The six correlations that were significant in men were all related to spatial
measures. In half of them, higher T was associated with poorer scores on measures of
mental rotation and spatial visualization (Card Rotations, Paper Folding, and Block
Design) in the low CAGr group, providing support for the idea that too much androgen
activity (i.e. high T and low CAGr) can be detrimental to certain domains of spatial
cognition. For men in the low CAGr group, higher T levels were associated with lower
levels of spatial anxiety, which may be consistent with the recent work demonstrating
that men with fewer CAGr tend to be more physically and socially dominant (Simmons &
Roney, 2011).
One significant correlation emerged for men in the high CAGr group, and
revealed that high T was associated with better Paper Folding scores. In the case of
Paper Folding, men in the low and high CAGr groups showed the opposite pattern of
association with T as predicted. The joint consideration of CAGr and Free T resulted in
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findings that appear broadly consistent with the optimal level theory. For men with
moderate androgenicity (high T and high CAGr), T was positively related to
performance, but for men with relatively high androgenicity (high T and low CAGr) T
was negatively correlated with performance. Negligible bivariate correlations in the male
sample between T and Paper Folding, Card Rotations, and Block Design could be
explained by the differential relationships within low and high CAGr groups. For
example, the bivariate correlation between T and Paper Folding scores in men was .06;
however, when men were categorized based on low or high androgenicity (CAGr),
correlations that were equal in magnitude but opposite in direction emerged (Figure
20). This observation illustrates that CAGr may play a critical moderating role and the
lack of consideration of this genomic variant in androgen/cognition associational studies
may lead to erroneous findings and conclusions.
4.5 Conclusion
The primary contribution of this study was the inclusion of CAGr as a measure of
androgenicty in addition to free T. This study demonstrated a direct relationship
between number of AR CAG repeats and four cognitive measures in women. In men,
an interactive relationship was observed in that the association of T with spatial
measures depended on whether the participant possessed a low or high number of AR
CAG repeats. Caution in interpretation is warranted due to small sample sizes within
each CAGr by sex group; however, this initial investigation suggests an interaction
between T and CAGr on spatial cognition, especially in men.
4.6 Strengths & Limitations
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Strengths of this study include the addition of CAGr as an indicator of
androgenicity; use of LC-MS/MS to measure T from blood samples; the control of
menstrual phase and hormonal contraceptive use; University-wide recruitment of
participants (as opposed to psychology students only); and the inclusion of multiple
measures of spatial cognition, video game, navigation strategy, sense of direction, and
spatial anxiety experience.
The primary limitation of the present study is the small sample size, especially
when broken down by sex and CAGr group. It is possible that some of the effects
represent type I error, just as it is possible that true effects were not detected within the
sample.
Another limitation was that 10% of the sample did not respond to the item
inquiring about their sexual orientation. This presented a problem because we know that
orientation, especially in men, impacts spatial performance. Heterosexual men tend to
perform better than homosexual men on measures of spatial cognition that favor men
(Gladue, Beatty, Larson, & Staton, 1990; McCormick & Witelson, 1991; Neave,
Menaged, & Weightman, 1999; Rahman & Wilson, 2003; Sanders & Ross-Field, 1986;
Wegestin, 1998), and homosexual men have been found to employ spatial strategies
that are more similar to those of women than of men (Rahman, Abrahams, & Wilson,
2003; Rahman, Andersson, & Govier, 2005). Had the sample size been substantially
larger, this 10% of the sample could have been excluded. We did not attempt to
exclude non-heterosexuals from participation during the screening process. Our solution
was to code participants into two groups, one that explicitly identified as nonheterosexual, and one that included self-identified heterosexuals along with the non-
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responders. Although the analyses were conducted with and without the nonheterosexual group, this factor should be considered in the design and sample size
estimations in the future.
4.7 Future Directions
A pending addition to the present study is the measurement of T via RIA. With
these results, we will be able to correlate T obtained from LC-MS/MS methods with
those obtained via RIA, and evaluate differences in T based on method within the same
sample. The correlation between the two methods is predicted to be stronger in men
due to the increased precision of both methods at the higher end of the T distribution. A
recent paper has demonstrated a correlation of .67 between measurements of T by LCMS/MS and measurements of T via RIA in women with PCOS (Legro et al., 2010). The
women in the present study were not hyperandrogenic; therefore, it is predicted that a
correlation of less than .67 will be found for women. The most important contribution of
this upcoming study will be the duplication of analyses and comparison of results within
the same sample.
Additionally, the present study should be replicated in a larger sample of men to
test the reliability of the interactive effect of T and CAGr on spatial measures. If a study
of this nature confirms the pattern displayed here, it would be feasible to offer CAGr
group membership (low or high androgenicity) as an explanation for some of the null
and discrepant reports of the past. For example, if the present sample of men was
limited to those with high androgenicity (low CAGr), the negative linear correlation
between free T and spatial scores reported by Moffat and Hampson would be
replicated. One additional benefit of the present study is that it provides the basis of a
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power analysis to estimate the required sample size to assess the interactive effects of
T and CARr on various cognitive measures.
It is also possible that a similar interactive effect would reach statistical
significance in a larger sample of women, as we demonstrated a trend in this direction
on four cognitive measures. The unexpected negative effect of high androgenicity (low
CAGr) on measures of mental rotation could be elucidated by this interaction.
Finally, this research could be applied in the domain of age-related cognitive
differences. Testosterone alone has been associated with neuroprotection in men (for
reviews, see Driscoll & Resnick, 2007; and Holland, Bandelow, & Hogervorst, 2011),
and other researchers have already begun to identify combinations of T and CAGr
group membership as risk factors for Alzheimer's disease in older men (Lehman et al.,
2003). New research assessing the genetic risk for cognitive impairment in middle-aged
participants may benefit from the inclusion of CAGr genomics.
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APPENDIX A - TABLES

Table 1
Summary of functional magnetic imaging studies investigating sex differences in brain
activation while performing a three-dimensional mental rotation task.

First Author
Thomsen et al.
2000
Jordan et al.
2002

Sample
6M, 5F

Halari et al.
2006

9M, 10F

Hugdahl et al.
2006
Weiss et al.
2003

6M, 5F

10M, 14F

10M, 10F

Overlap
Bilateral SPL,
Bilateral IFG
Bilateral SPL,
PMdc, PreSMA

M>W
Rt parietal lobe

W>M
Rt IFG

SOG, MOG

Bilateral MTG,
Lt MOG,
Bilateral SOG,
Bilateral SPL,
Lt IOG
Bilateral SPL,
Bilateral IFL
Bilateral IFG,
MFG, SFG,
Cingulate
gyrus, Bilateral
IPL

n.s

Bilateral SPL,
PMdc, PreSMA, ITG, Rt
IFG
n.s

Rt parietal lobe

Rt IFG

Bilateral IPG

Bilateral SPL,
Rt IFG

Note. F: female, IFG: inferior frontal gyrus, IFL: inferior frontal lobe, IOG: inferior
occipital gyrus, IPG: inferior parietal gyrus, IPL : inferior parietal lobe, IPS : inferior
parietal sulcus, ITG : inferior temporal gyrus, Lt: left, M: male, MFG : medial frontal
gyrus, MOG: medial occipital gyrus, MTG :medial temporal gyrus, n.s.: nonsignificant
sex difference, PMdc : caudal region of dorsal premotor area, Rt: right, SMA :
supplementary motor area, SOG : superior occipital gyrus, SPL : superior parietal lobe
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Table 2
Observational Studies of the Relationship between Testosterone and
Spatial Performance in Normal Young Men

First Author
(Year of
Publication)

Sample
Size

Spatial Tests

Measurement:
Androgens

Shute (1983)

12

MPFB

Shute
(1983)

43

Spatial
Composite

RIA – plasma
(androgens)
RIA – plasma
(androgens)

Gouchie (1991)

42

MRT,
Paper Folding

RIA – saliva

Results:
Androgens &
Spatial
Performance
Lo T > Hi T*
Linear
**(negative),
Quadratic, &
Cubic
Paper
Folding
Lo T > Hi T
MRT
Lo T = Hi T

Moffat (1996)

40

RIA – saliva

Negative

40

Spatial
Composite
vMWT

Burkitt (2007)

ELISA – saliva

Neave (1999)
Driscoll (2005)
Hausmann
(2009)
Choi (2002)

33
33
59

MRT
vMWT
MRT

RIA - saliva
RIA - saliva
LIA – saliva

vMWT
Lo T = Hi T
Negative
Positive
Positive

46

Route
Learning

RIA – saliva

Positively
associated with
male-typical
strategy;
Negatively
associated with
female-typical
strategy

Puts (2010)
Christiansen
(1987)

177
117

MRT
Spatial
Composite

RIA- saliva
RIA – serum (T &
DHT)

n.s.
Tser : Positive (4
of 6 tests)

59
RIA – saliva

Christiansen
(1987)

117

Spatial
Composite

Hooven (2004)
Silverman
(1999)
McKeever
(1990)
Hassler (1992)

27
64

MRT
MRT

58

MPFB,
SIBT
Spatial
Relations Test
MPFB,
SIBT

McKeever
(1987)

26
22

RIA – serum
(T & DHT)
RIA – saliva
RIA – saliva
RIA – saliva
RIA – serum

Tsal : Positive (1
of 6 tests)
DHT: Positive (2
of 6 tests)
Tser : Lo < Hi
Tsal : Lo < Hi n.s.
DHTser : Lo < Hi
Positive
Positive

RIA - serum

T: n.s.
DHT: n.s.
n.s.

RIA – serum

n.s.

Note. * The symbol “>” is used to mean, for example, that group A had a mean score
superior to that of group B (i.e., A > B). The symbol “<” is used to mean, for example
that group A had a poorer mean score than group B (i.e., A < B).
Note. ** Negative means there was a negative correlation between the androgen
measured and the dependent spatial measure (i.e., high testosterone associated with
poor spatial score). Positive means there was a positive correlation between the
androgen measured and the dependent spatial measure.
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Table 3
Observational Studies of the Relationship between Testosterone and Spatial
Performance in Normal Young Women

First Author
(Year of
Publication)

Sample
Size

Spatial
Tests

Shute
(1983)
Shute
(1983)
Gouchie
(1991)

12

MPFB

Moffat
(1996)
Burkitt
(2007)
Neave
(1999)
Driscoll
(2005)
Puts (2010)

40

48
46

Measurement: Mean
Androgens
Androgen
Concentrations

RIA – plasma
(androgens)
Spatial
RIA – plasma
Composite (androgens)
RIA – saliva
MRT,
Paper
Folding

25

Spatial
RIA – saliva
Composite
vMWT
ELISA –
saliva
MRT
RIA-saliva

35

vMWT

RIA-saliva

160

MRT

RIA- saliva

Hassler
(1992)

25

Hausmann
(2009)
Choi (2002)

55

Spatial
Relations
Test
MRT

McKeever
(1987)
van Anders
(2005)

23

Karádi
(2006)

33

Route
Learning
MPFB,
SIBT
MRT,
Paper
Folding,
GZSO
Mental
Rotation

40

60

99

not available

Results:
Androgens
& Spatial
Performance
Lo T < Hi T

2.3 ng/ml

Positive n.s.

51.1 pg/ml

Paper
Folding
Lo T < Hi T
MRT
Lo T = Hi T
Positive

17.9 pg/ml
96.7 pg/ml

vMWT
Lo T < Hi T
Positive
n.s.
n.s.

RIA - serum

14.76 - 20.35
pg/ml
.26 ng/ml

LIA – saliva

24 pg/ml

n.s.

RIA – saliva

16.24 pg/ml

n.s.

RIA – serum

.43 ng/ml

n.s.

RIA – saliva

21 pg/ml*

n.s.

RIA – saliva

14.4 pg/ml

n.s.

n.s.
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Note. * approximate mean for two samples of women that did not differ in T
concentration
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Table 4
Effects of Testosterone Administration in Young Adults

First Author
(Year of
Publication)

Sample

Spatial Tests

Androgen
Treatment

O’Connor
(2001)

N = 29 Men
(n= 14
experimental,
n=15 control)

WAIS-R
Block Design

T- 8 weeks

Postma (2000)

N = 15 Women

T- single dose

Aleman (2004)

N = 14 Women

Object
Location
Memory
MRT

Results:
Androgens &
Spatial
Performance
Experimental <
Control; Positive
correlation
between T and
Block Design at
baseline, but
negative
correlation after 4
and 8 weeks of T
administration
Improvement

T- single dose

Improvement
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Table 5.
Participant Demographics
______________________________________________________________________
Men

Women

______________________________________________________________________
Age - Mean (SD)

22.48 (3.56)

22.20 (3.67)

Education - Mean (SD)

15.05 (1.53)

14.63 (1.45)

White/Caucasian

57

43

Black/African American

12

35

Asian

24

20

Biracial

2

0

Other

2

0

No Response

0

2

Heterosexual

71

87

Homosexual

7

4

Bisexual

0

4

"None"

2

0

No Response

19

4

Race (%)

Sexual Orientation (%)

______________________________________________________________________
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Note. Education: 12 years = high school, 13 - 16 = college freshman - senior, 17 or
more = graduate level. The mean of approximately 15 years for each sex is the
equivalent of a junior standing in college.
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Table 6
Means, Standard Deviations, and Effect Sizes for Spatial Measures as a Function of
Sex
______________________________________________________________________
Cards

Paper

MRT

Map T

Map C

Blocks

Mean

101.47

6.89

22.82

62.17

27.93

46.00

SD

34.66

5.91

9.23

21.54

2.72

11.17

Mean

88.71

5.68

18.42

85.81

26.86

42.45

SD

39.73

7.19

8.92

34.42

3.11

12.15

.34

.18

.49*

1.14***

.50*

.30

Males

Females

Cohen's d

______________________________________________________________________
Note. Road Map number correct (Map C) and time (Map T) to completion were
transformed to correct skew, but untransformed means are reported here for ease of
interpretation.
*** p ≤ .001, ** p ≤ .01, * p ≤ .05
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Table 7
Means, Standard Deviations, and Effect Sizes for Nonspatial Measures as a Function of
Sex
______________________________________________________________________
Vocab.

Digits

COWA

Mean

2.34

18.21

38.34

SD

3.47

4.02

10.02

Mean

2.53

17.79

42.26

SD

4.83

3.16

10.45

.05

.17

.38

Males

Females

Cohen's d

______________________________________________________________________
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Table 8
Means, Standard Deviations, and Effect Sizes for vMWT Probe Trial Measures as a
Function of Sex
______________________________________________________________________
Distance

Distance Goal

X-ings

Inter.

Inter. Goal

______________________________________________________________________
Males
Mean

15003.27

10960.38

6.95

24.38

22.10

SD

4229.50

2821.30

3.16

15.39

14.31

Mean

10928.11

7950.78

4.77

14.73

13.45

SD

3463.24

2796.82

2.62

9.97

10.58

1.05***

1.07***

.75***

.79***

.69**

Females

Cohen's d

______________________________________________________________________
Note. Path intersections were transformed to correct skew, but untransformed data are
presented here for ease of interpretation. Distance = total distance travelled; Distance
Goal = distance travelled in the goal quadrant; Xings = total number of platform area
crossings; Inter. = total number of path intersections; Intter. Goal = number of path
intersections within the goal quadrant. *** p ≤ .001, ** p ≤ .01, * p ≤ .05
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Table 9
Classification of Self-Reported Approach
______________________________________________________________________
Proximal

Distal

Cartesian

2 + Cues

______________________________________________________________________
Males
Yes

40

11

20

36

No

0

29

20

4

Yes

39

12

16

29

No

0

27

23

10

Yes

79

23

36

65

No

0

56

43

14

Females

Total

______________________________________________________________________
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Table 10
Means, Standard Deviations, and Effect Sizes for Video Game and Navigation
Experience as a Function of Sex
______________________________________________________________________
CEQ

SBSOD

Orientation

Route

SAS

ITQ

______________________________________________________________________
Males
Mean

5.04

73.05

29.05

16.50

20.08

7.53

SD

1.44

16.23

6.40

3.85

6.07

3.31

Mean

3.46

67.27

26.65

18.19

20.70

5.05

SD

1.49

14.20

6.27

4.35

5.74

3.07

1.08***

.38

.38

.41

.11

.78**

Females

Cohen's d

______________________________________________________________________
*** p ≤ .001, ** p ≤ .01, * p ≤ .05
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Table 11
Mean, Standard Deviation, Minimum, Maximum, and Reference Range Values for Free
T as a Function of Sex, Time of Day, and Season
______________________________________________________________________
Men

Women

______________________________________________________________________
Mean (SD)

94.89 (32)

3.27 (2.67)

Minimum - Maximum

35.7 - 201.6

.7 - 13.3

Reference Range

46 - 224

.1 - 6.4

Early (8:30AM)

88.21 (23.76)

2.81 (1.45)

Late (10:00AM)

93.10 (24.97)

2.28 (.73)

Other

85.35 (10.61)

2.47 (1.55)

Winter

93.79 (26.02)

2.17 (.98)

Spring

88.15 (19.17)

2.51 (1.43)

Summer

84.79 (27.51)

3.43 (.89)

Fall

94.25 (13.34)

2.10 (.85)

Time of Day

Season

______________________________________________________________________
Note. T values are all presented as pg/mL.

71
Table 12.
Correlations between Free Testosterone and Cognitive Measures in Men and Women,
Excluding Outliers on Measures of Free Testosterone and Cognition
______________________________________________________________________
1

2

3

4

5

6

7

8

9

10

11

______________________________________________________________________
Men

.03

-.10

.06

-.14

.07

.05

Women

.28

.24

.10

.13

-.42** -.04

-.04

.05

.03

.15

-.10

.03

.33*

.24

.33*

.02

______________________________________________________________________
Note. 1: MRT, 2: Card Rotations, 3: Paper Folding, 4: Block Design, 5: Road Map time
to completion, 6: Road Map number correct, 7: Vocabulary, 8: COWA, 9: Digit Span
Total, 10: Digit Span Forward, 11: Digit Span Backward
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Table 13.
Correlations between Free Testosterone and vMWT Measures in Men and Women,
Excluding Outliers on Measures of Free Testosterone and vMWT Variables
______________________________________________________________________
1

2

3

4

5

6

7

8

9

10

______________________________________________________________________
Men

-.07

-.11

-.01

.10

.11

-.05

.10

-.21

-.14

-.25

Women

-.13

-.06

-.11

-.16

-.10

.11

-.19

.06

.20

.21

______________________________________________________________________
Note. 1: Total Distance - Learning Trials, 2: Total Number of Path Intersections Learning Trial, 3: Total Distance - Probe Trial, 4: Distance in the Goal Quadrant - Probe
Trial, 5: Platform Area Crossings - Probe Trial, 6: Total Number of Path Intersections Probe Trial, 7: Total Distance - Visible Platform Trial, 8: Error - Map All Cues, 9: Error Map Object Cues, 10: Error - Map Distal Cues
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Table 14.
Correlations between Free Testosterone and Questionnaire Measures in Men and
Women, Excluding Outliers on Measures of Free Testosterone and Questionnaire
Variables
______________________________________________________________________
1

2

3

4

5

6

7

8

______________________________________________________________________
Men

.09

.09

-.20

-.02

-.10

-.02

-.08

-.14

Women

.40*

.31

-.29

.16

-.27

.03

.37*

.00

______________________________________________________________________
Note. 1: Computer Experience Questionnaire, 2: Santa Barbara Sense of Direction, 3:
Spatial Anxiety Scale, 4: Wayfinding Strategy -Orientation, 5: Wayfinding Strategy Route, 6: Immersive Tendencies Total, 7: Immersive Tendencies - Games, 8: Presence
- Total
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APPENDIX B - FIGURES

Spatial Performance

Optimum

Testosterone Concentration

Low T
Females

High T
Females

Low T
Males

High T
Males

Figure 1. Optimal level theory. This figure is a theoretical representation of the nonlinear
relationship between testosterone concentration and spatial performance based on the
studies of Shute et al. (1983), Gouchie and Kimura (1991), and Moffat and Hampson
(1996). These authors suggest there may be a testosterone level that corresponds with
optimum spatial performance. The x-axis represents, from left to right, increasing
testosterone concentration. Each column represents a group of individuals based on
sex and testosterone concentration. The y-axis represents, from bottom to top,
increasingly superior spatial performance (e.g., mental rotations). The text “Optimum”,
and the associated dotted lines, represent the range of testosterone hypothesized to
correlate with superior spatial skills.
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Map All – Contains all cues available during
vMWT trials

Map Obj – Contains proximal object cues
available during vMWT trials

Map Wall – Contains distal cues available
during vMWT trials
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Figure 2 .Three overhead views of the vMWT as presented in the cognitive mapping
conditions: (top to bottom) Map All, Map Obj, and Map Wall. Participants were asked to
place an “x” where they believed the center of the platform was located in the vMWT
learning trials.
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Figure 3. LG10 transformed distance travelled across the 10 vMWT learning trials for
men and women separately. There was a significant sex difference in which men
traveled a shorter distance than women.
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Figure 4. LG10(X=1) transformed number of path intersections made across the 10
vMWT learning trials for men and women separately. There was a significant sex
difference in which men had fewer path intersections than women.
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Figure 5. Sex by strategy interaction on error in placement of the platform area in the
overhead map condition that contained only the distal room cues (Map Wall). Women
whose self-reported strategy was coded as "geometric" showed the least error on this
task.
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Figure 6. A positive linear relationship between free T and Digit Span Forward scores
was observed in women.
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Figure 7. A negative linear relationship between free T and time to complete the Money
Road Map Sense of Direction test was observed in women.
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Figure 8. A positive linear relationship between free T and CEQ scores was observed in
women.
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Figure 9. A quadradic relationship between free T and Spatial Anxiety scores was
observed in women.
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Figure 10 . Distribution of AR CAG repeat number for men and women. AR CAG
repeats ranged from 12 to 30 with a mean, median and mode of 21. There was no sex
difference in number of repeats.
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Figure 11. A positive linear correlation was found between CAGr and Card Rotations
scores in women.
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Figure 12. A positive linear correlation between CAGr and MRT scores was observed in
women.
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Figure 13. A positive linear correlation between CAGr and Digit Span Forward scores
was observed in women.
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Figure 14. A negative linear correlation between CAGr and time to complete the Money
Road Map was observed in women.
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Figure 15. A quadratic relationship was found between CAGr and Spatial Anxiety scores
in women.
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Figure 16. A negative linear correlation between CAGr and CEQ Total scores was
observed in men.

91

Figure 17. A negative linear correlation was found between CAGr and ITQ Total scores
in men.
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Figure 18. A negative linear correlation between CAGr and ITQ Games scores was
found in men.
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Figure 19. Correlations between free T and Card Rotations (2D mental rotations) scores
by sex and CAGr group. The negative linear correlation between T and Card Rotations
scores for men in the Lo CAG group was significantly different than zero.
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Figure 20. Correlations between free T and Paper Folding scores by sex and CAGr
group. The negative and positive correlations between T and Paper Folding scores for
men in the two CAG groups were significantly different than zero, and significantly
different from each other.
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Figure 21. Correlations between free T and number of correct responses on the Money
Road Map test by sex and CAGr group. The positive correlation between T and number
of correct responses on the Road Map test for men in the Lo CAG group was
significantly different than zero.
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Figure 22. Correlations between free T and Block Design scores by sex and CAGr
group. The negative correlation between T and Block Design scores for men in the Lo
CAG group was significantly different than zero.
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Figure 23. Correlations between free T and time to complete the Money Road Map test
by sex and CAGr group.
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Figure 24. Correlations between free T and Advanced Vocabulary scores by sex and
CAGr group.
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Figure 25. Correlations between free T and COWA (oral word fluency) scores by sex
and CAGr group.
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Figure 26. Correlations between free T and MRT (3D mental rotations) scores by sex
and CAGr group.
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Figure 27. Correlations between free T and Digit Span scores by sex and CAGr group.
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Figure 28. Correlations between free T and total distance traveled in the vMWT probe
trial by sex and CAGr group.
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Figure 29. Correlations between free T and distance traveled in the goal quadrant of the
vMWT probe trial by sex and CAGr group.
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Figure 30. Correlations between free T and number of platform area crossings in the
vMWT probe trial by sex and CAGr group.

105

Figure 31. Correlations between free T and total distance traveled in the vMWT learning
trials by sex and CAGr group.
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Figure 32. Correlations between free T and number of path intersections across the
vMWT learning trials by sex and CAGr group.

107

Figure 33. Correlations between free T and number of path intersections in the vMWT
probe trial by sex and CAGr group.

108

Figure 34. Correlations between free T and video game experience by sex and CAGr
group. The postive correlation between T and video game experience for women in the
Hi CAG group was significantly different than zero.
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Figure 35. Correlations between free T and SBSOD scores by sex and CAGr group.
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Figure 36. Correlations between free T and orientation-based wayfinding strategy by
sex and CAGr group.
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Figure 37. Correlations between free T and route-based wayfinding strategy by sex and
CAGr group.
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Figure 38. Correlations between free T and Spatial Anxiety scores by sex and CAGr
group. The negative correlation between T and Spatial Anxiety scores for men in the Lo
CAG group was significantly different than zero.
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Figure 39. Correlations between free T ITQ scores (subjective sense of being immersed
in activities such as video games) by sex and CAGr group.
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Figure 40. Correlations between free T Presence scores (subjective sense of being
present during performance of the vMWT trials) by sex and CAGr group.
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APPENDIX C – ABBREVIATION INDEX
2D

two dimensional

3D

three dimensional

AIS

androgen insensitivity syndrome

AR

androgen receptor

BOLD

blood oxygenation level dependent

CAGr

AR CAG repeat number

CAH

congenital adrenal hyperplasia

DG-GCL

dentate gyrus – granule cell layer

DHEA

dehydroepiandrosterone

DHEAS

dehydroepiandrosterone sulfate

DHT

dihydrotestosterone

DHTP

dihydrotestosterone propionate

DNA

deoxyribonucleic acid

ELISA

enzyme-linked immunosorbent assay

F

females (tables only)

fMRI

functional magnetic resonance imaging

FTI

free testosterone index [(T/SHBG) x 100]

GZSO

Guilford-Zimmerman Spatial Orientation test

IHH

idiopathic hypogonadotropic hypogonadism

LIA

chemiluminescence immunoassay

M

males (tables only)
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mg

milligrams

MPFB

Minnesota Paper Form Board

MRI

magnetic resonance imaging

mRNA

messenger ribonucleic acid

MRT

Mental Rotation Test

ng/dl

nanograms per deciliter

ng/ml

nanograms per milliliter

N/n

Number of subjects/participants in a study (N) or group (n)

OLT

optimal level theory

PCOS

polycystic ovarian syndrome

pg/ml

picograms per milliliter

RIA

radioimmunoassay

SIBT

Stafford Identical Blocks Test

Sry

sex determining region of the Y chromosome

T

testosterone

TP

testosterone propionate

vMWT

virtual Morris water task

VSWM

visuospatial working memory

WAIS

Wechsler Adult Intelligence Scale

WSU

Wayne State University

XX

normal female karyotype

XY

normal male karyotype
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The male advantage typically found on some measures of spatial cognition (e.g.,
mental rotations) has been approached for three decades from the perspective that
androgens contribute to this sex difference. To date, evidence to support the notion that
androgens affect spatial cognition in healthy young individuals is balanced by evidence
to the contrary. The present study sought to clarify the association between androgens
and spatial performance by extending our measurements of androgenicity to include
both a measure of circulating testosterone as well as a receptor-specific marker.
The aims of this dissertation were to assess the effects of sex, testosterone, and
androgen receptor CAG repeat number on spatial performance and experience in a
group of healthy young men and women. The hypothesis that men would outperform
women on measures of spatial skills was largely supported, with some caveats.
Predictions that testosterone would relate directly to spatial performance were not
confirmed; however, results indicate that number of CAG repeats may have a direct
impact on cognition, and may modify the relationship between testosterone and spatial
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cognition within sex. Future research with larger samples of men and women is needed
to clarify the significance of the patterns reported from these initial observations.
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